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Abstract 
Today, the investigation of fuel economy improvements in internal combustion engines 
(ICEs) has become the most significant research interest among the automobile 
manufacturers and researchers. The scarcity of natural resources, progressively increasing 
oil prices, carbon dioxide taxation and stringent emission regulations all make fuel economy 
research relevant and compelling. The enhancement of engine performance solely using in-
cylinder techniques is proving increasingly difficult and as a consequence the concept of 
exhaust energy recovery has emerged as an area of considerable interest. 
Three main energy recovery systems have been identified that are at various stages of 
investigation. Vapour power bottoming cycles and turbo-compounding devices have already 
been applied in commercially available marine engines and automobiles. Although the fuel 
economy benefits are substantial, system design implications have limited their adaptation 
due to the additional components and the complexity of the resulting system. In this context, 
thermo-electric (TE) generation systems, though still in their infancy for vehicle applications 
have been identified as attractive, promising and solid state candidates of low complexity. 
The performance of these devices is limited to the relative infancy of materials investigations 
and module architectures. There is great potential to be explored. 
The initial modelling work reported in this study shows that with current materials and 
construction technology, thermo-electric devices could be produced to displace the alternator 
of the light duty vehicles, providing the fuel economy benefits of 3.9%-4.7% for passenger 
cars and 7.4% for passenger buses. More efficient thermo-electric materials could increase 
the fuel economy significantly resulting in a substantially improved business case. 
The dynamic behaviour of the thermo-electric generator (TEG) applied in both, main exhaust 
gas stream and exhaust gas recirculation (EGR) path of light duty and heavy duty engines 
were studied through a series of experimental and modelling programs. The analyses of the 
thermo-electric generation systems have highlighted the need for advanced heat exchanger 
design as well as the improved materials to enhance the performance of these systems. 
These research requirements led to the need for a systems evaluation technique typified by 
hardware-in-the-loop (HIL) testing method to evaluate heat exchange and materials options. 
HIL methods have been used during this study to estimate both the output power and the 
exhaust back pressure created by the device.  
The work has established the feasibility of a new approach to heat exchange devices for 
thermo-electric systems. Based on design projections and the predicted performance of new 
materials, the potential to match the performance of established heat recovery methods has 
been demonstrated. 
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Nomenclature 
Latin letters 
  Constant 
  Average 
  Availability, Heat transfer area 
  Concentration 
  Specific heat capacity 
  Constant 
	  Open circuit voltage 

  Infinitesimal length 
  Hydraulic diameter 
  Specific energy 
  Friction factor 
  View factor 
  Gravitational acceleration 
  Grashof number 
  Enthalpy, Convection coefficient 
  Current 
  Thermal conductivity 
  Thermal conductivity 
  Length 
  Total length 
  Characteristic length 
  Kinetic energy 
  Constant 
   Mass flow rate 
  Constant, Polytrophic constant 
  Constant 
  Nusselt number 
  Number of thermal units 
   Pressure 
!  Pressure, Power 
!"#  Heat rejected at the after cooler 
!$  Brake power 
!  Heat rejected to the coolant 
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!%  Exhaust enthalpy 
!%&'  Exhaust enthalpy and radiation 
!(  Waste heat due to the incomplete combustion 
!)&%  Heat rejected to the lubricant oil and environment 
!  Prandtl number 
!  Potential energy 
*  Heat transfer rate 
+  Heat transfer rate 
+"%,,)'(%, Heat loss to the accessories 
+%."/,0 Heat loss to the exhaust 
+))1"20 Heat loss to the coolant 
+343  Heat loss to the charge-air cooler 
+'"5("0()2 Heat loss from radiation 
  Internal resistance 
$6  Back work ratio 
  Hydraulic radius 
7  Resistance, Universal gas constant 
71)"5  Load resistance 
7  Rayleigh number 
78  Reynolds number 
9  Entropy 
:  Specific entropy, Momentum source 
;  Time 
  Temperature 
%  Temperature of the medium 
,  Surface temperature  
  Internal energy, velocity 
  Specific internal energy, Overall heat transfer coefficient 
  Volume, Velocity 
	  Specific volume, Velocity, Voltage 
	   Volume flow rate 
<  Work, Velocity 
=  Work 

  Wall thickness 
>  Thermo-electric figure of merit, Elevation 
>  Non-dimensionless thermo-electric figure of merit 
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Greek symbols 
?  Seebeck coefficient 
@  Boundary layer  
A  Emissivity, Surface roughness 
B  Dynamic viscosity, Molecular viscosity 
C  Effectiveness of a heat exchanger 
D  Efficiency 
E  Resistivity, Fluid density 
F  Stefan-Boltzmann constant  
G  Thompson coefficient 
∆  Difference 
Π  Peltier coefficient 
Φ  Energy dissipation 
 
Subscripts and superscripts 
;  Actual 
;  Atmospheric condition 
  Cold 
8  Exit or outlet 
  Hot 
K  Inlet 
K98  Isentropic 
K;  Intermediate 
  Low 
  Mean 

  Maximum 
K  Minimum 
  n-type thermo-electric material 
L  Ambient state, Outlet 
   p-type thermo-electric material 
9  Isentropic state 
 
Abbreviations 
0-D  Zero Dimensional  
1-D  One Dimensional  
2-D  Two Dimensional 
Nomenclature 
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3-D  Three Dimensional 
A/D  Analogue to Digital 
AEIA  American Energy Information Administration 
AFR  Air Fuel Ratio 
BSFC  Brake Specific Fuel Consumption 
CAC  Charge Air Cooler 
CAT  Catalytic Converter 
CFD  Computational Fluid Dynamics 
CI  Compression Ignition 
CIL  Component-In-the-Loop 
COP  Coefficient of Performance 
D/A  Digital to Analogue 
DAQ  Data Acquisition system 
DC  Direct Current 
DI  Direct Injection 
DoE  Design of Experiments 
DPF  Diesel Particulate Filter 
ECU  Engine Control Unit 
EGR  Exhaust Gas Recirculation 
EPA  Environmental Protection Agency 
FT  Fisher-Tropsch diesel 
FTP  Federal Test Procedure 
GE  General Electrics 
GM  General Motors 
GUI  Graphical User Interface 
HC  Hydro Carbons 
HEV  Hybrid Electrical Vehicles 
HIL  Hardware-In-the-Loop 
HP  High Pressure 
ICE  Internal Combustion Engines 
LP  Low Pressure 
I/O  Input/Output 
IR  Infra-red 
MLP  Multi-Layer Perception 
NA  Naturally Aspirated 
NASA  National Aeronautics and Space Administration 
NEDC  New European Drive Cycle 
NLARX  Nonlinear auto-regressive exogenous  
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NI  National Instruments 
NN  Neural Network 
NRTC  Non-Road Transient Cycle 
NYCC  New York City Cycle  
OEM  Original Equipment Manufacturer 
ORTP  On-target Rapid Prototyping 
PCG  Production Code Generation 
PIL  Processor-In-the-Loop 
PM  Particulate Matter 
QSS  Quasi Steady State 
RANS  Reynolds Averaged Navier-Stokes  
RP  Rapid Prototype 
RT  Real Time 
RTG  Radioisotope Thermo-electric Generator 
S.S.  Stainless Steel, Steady State 
SCR  Selective Catalytic Reduction 
Sim  Simulation 
SI  Spark Ignition 
SIL  Software-In-the-Loop 
SMPU  Switched Mode Power Supply Unit 
SULEV Super Ultra Low Emission Vehicles 
TA  Thermo-Acoustic 
TBC  Thermal Barrier Coating 
TC  Thermo-chemical, Thermo-couples 
TDi  Turbo Direct injection 
TE  Thermo-Electric 
TEG  Thermo-Electric Generator 
TEM  Thermo-Electric Module 
UDF  User Defined Functions 
UEGO  Universal Exhaust Gas Oxygen  
USA  United States of America 
VGT  Variable Geometry Turbocharger 
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1 
1 Introduction and literature review 
This Chapter is dedicated to outline the thesis and provides the overview for the world 
energy consumption. Latter sections of the Chapter focus on performance analysis of 
modern power-trains, thermal energy recovery methods and finally, explain the thesis aims 
and objectives. 
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1.1 Introduction and outline of the thesis 
Chapter 1 aims to give an overview of the project. The background and the motivation for 
the research are analysed. Current world energy utilization and the performance of modern 
road vehicles are evaluated. Finally, the aims and objectives of the thesis are summarized. 
Chapter 2 presents the state-of-the-art of available thermal energy recovery systems. 
Chapter 3 focuses on a theoretical study of the vehicle thermal management systems. 
Availability and heat transfer analysis of engine exhaust systems are performed. Theoretical 
study is extended to analyse and optimize the performance of available thermal energy 
recovery systems. 
A detailed analysis on the performance of the Phase 1 Thermo-Electric Generators (TEG) is 
presented in the Chapter 4. Heat transfer enhancement techniques of TEGs are critically 
evaluated. The back pressure effects of TEG devices is also examined theoretically and 
using engine simulation models. Heat transfer characteristics of the TEG is analysed using a 
Computational Fluid Dynamics (CFD) program. Finally, the economic viability of TEG 
systems are critically evaluated and presented. 
Chapter 5 is dedicated for the experimental programme of the Phase 1 TEG. Design, 
fabrication and testing of the TEG are detailed and the validation against to the theoretical 
CFD results is performed.  
Investigation of the effect of TEG placement and the feasibility of energy recovery from the 
Exhaust Gas Recirculation (EGR) system in heavy duty vehicle application is studied in 
Chapter 6. Theoretical modelling of a more aggressive Phase 2 TEG is carried out and the 
heat recovery analysis is performed. 1-D TEG model is also performed to be used for Phase 
2 experimental programme and validated with a 3-D CFD model. 
Chapter 7 deals with the development of a Component-In-the-Loop (CIL) method for 
evaluating the performance of the TEG systems using available real time tools. Developing 
and validation of the concept of the CIL model is explained for the Phase 1 TEG. 
Finally, Chapter 8 presents the conclusions and the extent of this research and, suggestions 
for future works. 
1.2 Overview of the world fuel consumption  
The world energy consumption rate is rapidly increasing due to the extensive energy usage 
for global industrialization. The American Energy Information Administration (AEIA) predicts 
a 49% increase of the world energy consumption from 2007 to 2035 as illustrated in Figure 
1.1 [1]. Further, it has been predicted that the world-wide energy consumption will increase 
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by 2% annually (The predictions were made assuming the ‘business-as-usual trend’ and the 
‘current laws and regulations are maintained throughout the projections’). 
 
Figure 1.1 World primary energy demand predictions – 2010 [1] 
 
According to AEIA predictions, the transportation sector contributes approximately 1/3rd of 
the total energy consumption (Figure 1.2) in the world and it increases by 1.3% annually from 
2007 to 2035. In developed countries, road transportation sector is the most energy 
demanding sector within the transport sector and it consumes around 85% of the total 
whereas, the maritime and the air transport sectors consume only 7% and 8% respectively. 
Road transport sector in the Europe contributes about 20% of the total [1].         
 
Figure 1.2 World energy consumption by sector – 2010 [1] 
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More than 95% of the road transport sector entirely depends on conventional energy 
sources; such as gasoline and diesel, which are not promising due to lack of availability and 
the envisaged energy crisis. The need to reduce both the oil dependency and fuel 
consumption is particularly acute in the road transport sector. The majority of the automotive 
industry is currently investigating the enhancement of the performance of Internal 
Combustion Engines (ICEs) while exploring for alternative energy sources and technologies 
that will ultimately replace the conventional ICEs.         
1.3 Performance analysis of modern road vehicles 
1.3.1 Energy balance of Internal Combustion Engines  
Currently, almost all the automobiles in the world are driven by ICEs and a small percentage 
by electrically driven motors and hybridized systems. It is stated in the second law of the 
thermodynamics, the impossibility of any thermodynamic cycle (Otto, Diesel, Rankine, Gas 
power and etc) to convert the thermal energy input, solely into work or mechanical energy. 
Hence, all energy conversion processes are associated with heat rejection to cold sinks, 
typically the environment.  
Taking a broader view, three energy conversion steps; well-to-tank, tank-to-wheel and wheel-
to-mile, can be identified for a comprehensive analysis of the energy consumption of 
automobiles. Figure 1.3 shows the efficiencies of 12 different power trains technologies that 
are used in present road transportation sector [2].  
 
Figure 1.3 Well-to-wheel efficiency data of automobile systems [2] 
Where, FT – Fisher-Tropsch diesel, CH4 – Methane, H2 – Hydrogen and SI – Spark Ignition 
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Typical thermal efficiency of small ICEs ranges from 10%-35% where, large diesel engines 
can reach 50% and above.  If the maximum in-cylinder gas temperature for a diesel engine is 
approximately 2500K and the lowest temperature during the cycle is, the ambient 
temperature, approximately 300K; and then the ideal Carnot heat engine working between 
these two reservoirs would have an efficiency of 88%, which is approximately twice the 
highest efficiency actually achieved by any practical engine. The differences are attributable 
to several factors.  
Normally, it is only 1/3rd of the energy content of the fuel that ends up as useful shaft work. 
The remainder appears as exhaust and coolant enthalpy. Heat transfer to the exhaust and 
coolant affects engine performance, efficiency and exhaust emissions. The heat transfer 
from the hot combustion gases is comprised of forced convection through the hot gas 
boundary layer, conduction through the cylinder walls and convection into the engine coolant 
in the cylinder head, cylinder walls, piston rings, engine blocks and manifolds. There is a 
small radiative component (less than 5%) of heat transfer from the hot gases to the cylinder 
walls. Heat transfer takes place from hot cylinder walls to cold charge during the intake 
process. During the compression, expansion and exhaust processes, heat flows from hot 
gases to cooler cylinder walls and heat transfer rates to cylinder walls become highest during 
the expansion process. Small amount of energy produced is also wasted as friction losses 
arising from piston rings, shaft bearings and valve-train. Auxiliary devices such as water 
pump, oil pump and alternator also consume a fraction of the useful work output of the 
engine [3].  
The overall first law energy balance of an ICE at steady state operation is defined by Eq 
(1.1); 
Total	fuelconversion	power   Brake	power 
Coolantheat	transfer 
Radiationheat	transfer	toenvironment  
Exhaust	heat	transfer	due	toincomplete	combustion  
Exhaust	gas	enthalpy (1.1) 
Approximate breakdown of the various forms of energy resulting from the combustion of fuels 
in air for different classes of engines is given in Table 1.1. 
Table 1.1 Energy balance for automotive engines at maximum power [4] 
 #$(%) #%(%) #&'((%) #)%(%) #((%) 
SI Gasoline) 25-28 17-26 3-10 2-5 34-45 
CI (Diesel) 34-38 16-35 2-6 1-2 22-35 
Where, #$ – Brake power, #% – Coolant, #&'( – Oil and environment, #)% – Waste heat due to 
the incomplete combustion and #( – Exhaust enthalpy 
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The first law energy balance equation can be further extended for a turbo-charged heavy 
duty diesel engine with high pressure EGR and/or Selective Catalytic Reduction (SCR) 
systems. Additional energy loss components are due to the Charge Air Cooler (CAC) 
(intercooler) and EGR cooler and other driving accessories such as; water pump, oil pump, 
air compressor and etc. Ricardo Consulting Engineers [5] also measured the energy balance 
of variety of engines for the maximum rated power condition and a selection is shown in the 
Table 1.2.  
Table 1.2 Energy balance for automotive engines at maximum power [5] 
Power-train specification #$(%) #%(%) #&'((%) #*+(%) #(',(%) 
2.0 litre, I4 SI (Naturally Aspirated) 28.1 12.4 3.3 0 56.2 
3.5 litre, V6 SI (Naturally Aspirated) 28.2 13.7 2.5 0 55.6 
5.4 litre, V8 SI (Naturally Aspirated) 27.6 16.7 2.9 0 52.7 
9.4 litre, I6 DI Diesel (Turbocharged, non-
after-cooled) 
36.2 17.5 4.5 0 41.8 
2.2 litre, I4 DI Diesel (Turbocharged, after-
cooled) 
31.8 15.8 6.0 3.5 38.2 
12.0 litre, I6 DI Diesel (Turbocharged, 
after-cooled) 
41.4 12.2 3.3 8.2 34.9 
Where, #*+  – After cooler and #(', – Exhaust enthalpy and radiation 
The fractions of fuel energy converted to the brake power in the above two tables can be 
seen to be agreeable. The relatively newer data in Table 1.2 shows higher efficiencies 
reflecting the more recent technologies on which the table is based. All the data shows that 
the heat loss to the exhaust system is much higher than that of the cooling system of an ICE 
and more than 60-85% of the initial energy is expelled to the environment through the 
exhaust system and the cooling system. 
Once the heat loss components are arranged on their relative magnitudes, the order would 
be as shown below, 
-(./*012 3 -%&&4*52 3 -676 3 -*%%(11&,)(1 3 -,*8)*2)&5 
Where, -(./*012-heat loss through exhaust gas, -%&&4*52-heat loss through coolant, -676-heat 
loss through charge air cooler, -*%%(11&,)(1-heat loss through other accessories and -,*8)*2)&5-heat loss through radiation 
The operational energy percentage (fuel cost) of a typical ICE is found to be 89% out of the 
total life cycle cost. This value may vary according to the application and can be as high as 
95% in marine and rail applications. So that the low efficient ICEs adversely affect the fuel 
consumption of the vehicle and as a result global energy efficiency is compromised. Even 
though more than 100 years has passed since the invention of the ICE, over 60-70% of the 
fuel energy is still lost to the environment without being used. In order to recover otherwise 
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lost thermal energy and convert it into shaft power, a thermally managed engine has to be 
developed and introduced. By adding an innovative heat recovery system to the exhaust 
system and with the implementation of an engine coolant energy recovery system, very 
significant gains in efficiency could be achieved.  
As illustrated in Figure 1.3, the leading recovery number of research projects are 
investigating devoted to the generation of electricity in Hybrid Electrical Vehicles (HEVs) 
using different energy recovery techniques. This topic will be further discussed in Chapter 2.      
1.3.2 Environmental impact of exhaust emission and 
emission standards 
Exhaust emissions of ICEs have become the major contributors for global air pollution, 
greenhouse effect and eventually, global warming. With a large increase in traffic volumes, it 
becomes increasingly important to keep ICE emissions to a minimum. During recent years, 
environmental concerns have led to the development of stringent emission standards for 
restricting the emissions of carbon monoxide (CO), nitrogen oxide (NOx), and unburned 
hydrocarbons (HC). Presently, a number of emission control strategies are being used to 
control the tail pipe emissions. Methods include EGR, SCR, Catalytic Converter (CAT) and 
Diesel Particulate Filter (DPF) and all those systems are fitted to the exhaust system of the 
vehicle.  
Limiting values of the exhaust emission standards depends on the weight category of the 
vehicle. In Europe, the Euro 5 emission standard is now in place and Euro 6 with more 
stringent emission regulations will be implemented in September 2014 [6]. Light duty vehicle 
emission standards in USA and Japan are much more stringent than in Europe. Currently, 
US-Tier 2 Bin 5 and JC08 have been implemented in respectively USA and Japan. Even 
though the 2012 international carbon dioxide (CO2) emission target is 120g/km, current 
investigations show that the average CO2 emission of passenger vehicles in Japan, Europe 
and US are about 130g/km, 140g/km and 256g/km respectively [7]. A major aspect for 
current automobile research interest are gradually diverting to investigate on Super Ultra Low 
Emission Vehicle (SULEV) and Zero Emission Vehicle (ZEV) technologies such as electric, 
fuel cell and hybrid vehicles. However, more than 95% of the road transport sector is still 
dependent on conventional ICEs. Thus it is essential to identify methods to improve the 
power train performance without major changes to the structure of the engine or vehicle. This 
can be done by recovering the waste thermal energy of the coolant and the exhaust system 
to the greatest extent possible. 
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1.4 Summary 
The world energy consumption rate is rapidly increasing and it was revealed that the road 
transport sector contributes about 20% of the total. Moreover, it was found that the thermal 
efficiency of ICEs ranges from 10-50% depending on the size of the power train. Therefore, 
thermal energy recovery from ICEs is vital, to reduce the CO2 emission from power-trains and 
to meet the stringent emission regulations.  
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2 
2 Thermal energy management and waste heat 
recovery in internal combustion engines 
The Chapter initially focuses on identifying the importance of energy recovery in internal 
combustion engines as described in Section 2.1. Section 2.2 to Section 2.6 dedicates to 
understand the currently available thermal energy recovery systems for internal combustion 
engine applications. Section 2.7 outlines the thesis aims and objectives. 
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2.1 Importance of waste heat recovery and heat 
recovery methods 
Internal combustion engines (ICEs) reject approximately 30-40% of the energy supplied by 
the fuel to the environment through exhaust gases. So that, there is a possibility for further 
considerable improvement of ICE efficiency with the utilization of exhaust gas energy and its 
conversion to mechanical energy or electrical energy (direct energy conversion). Menchen 
[8] suggested that the overall efficiency of a heavy duty diesel engine has to be improved by 
5-10% in order to enhance the fuel economy by 10%. Ikoma et al. [9] emphasized that even 
3% recovery of the waste heat from a radiator or exhaust system expelling 60kW might be 
adequate for displacing an alternator assembly in a passenger vehicle. 
The following technological solutions exist for energy recovery: turbo compounding devices, 
bottoming cycles (i.e. Rankine cycle with various working fluids, i.e. organic and inorganic), 
thermo-electric generators (TEGs), thermo-acoustic systems and thermo-chemical systems 
[10]. The following models have been generated to investigate three different energy 
recovery schemes: exhaust only, engine coolant & exhaust gases, and engine block & 
exhaust gases [11]. The utilization of the waste energy is the first determining factor for the 
overall efficiency, of each technology. 
 
Figure 2.1 Energy utilization vs. complexity of different heat recovery systems [10] 
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Comparison of energy utilization and the degree of complexity of each technology for 
automotive applications makes it easy to choose the best heat recovery system for a 
particular application as illustrated in Figure 2.1. As turbines can only use the pressure 
gradient and kinetic energy for energy recovery, the conversion efficiency and heat utilization 
is in a very low range. Other technologies can capture much larger amount of waste heat as 
they utilize the temperature difference of the exhaust gas and the coolant. High source 
temperatures are much more critical for devices based on the thermo-acoustic effect or the 
Stirling cycle. The heat transfer by gas-to-gas of the Joule process and thermo-acoustic, and 
by gas-to-material of a thermo-electric device, makes the heat utilization for a given heat 
exchanger surface more difficult in comparison to the conventional evaporator and 
condenser of thermo-dynamic cycles. Although, the thermo-chemical heat recovery systems 
utilize exhaust heat and coolant heat, their poor heat utilization and complexity are even 
greater than thermo-electric systems. In general, with increasing heat utilization or a greater 
amount of thermal energy recovery, the bigger the complexity of the energy recovery system 
[12]. The thermal energy recovery is highest with the implementation of a Rankine cycle. 
According to previous studies, with increasing driving speed, more power is needed and 
results in higher waste heat flows providing an ideal basis for thermal energy recovery. At 
this stage in the development of this review, it is appropriate to note that the absolute heat 
flux changes significantly with the driving speed, the engine power and the fuel.  
In practically, some of these energy recovery systems behave differently to the potential heat 
utilization performances given in the Figure 2.1. For example, the thermo-electric devices 
have been identified as excellent devices for heat utilization. However, the realistic 
performance of these devices has been constrained with the thermo-electric material 
performance and hence, exhibits poor heat utilization characteristics in practically.       
Energy recovery from the exhaust is much easier than from the coolant. Since the cylinder 
heat transfer process is periodic and the engine speed is usually high, the temperature 
fluctuations only penetrate about a millimetre into the cylinder wall. Making advantage of this, 
“insulated engine” or “adiabatic engine” concept has been evolved. Heat transfer to the 
cooling system can be significantly reduced by insulating the engine walls using an advance 
ceramic materials and by coatings of a perfectly IR (Infra-Red) radiation reflecting materials 
[13]. As a result, the available thermal energy in the exhaust stream can be increased and 
hence, recovered easily while enhancing the overall thermal efficiency of the engine. 
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Figure 2.2 BMW 3-series exhaust temperature profiles of a Spark Ignition (SI) engine [14] 
 
 
Figure 2.3 BMW 3-series exhaust temperature profiles of a Compression Ignition (CI) engine 
[14] 
 
Figure 2.2 and Figure 2.3 show the exhaust temperature profile of SI and CI engines of BMW 
3-series [14]. Generally, the exhaust temperatures of SI engines are much higher than that of 
CI engines. However, the amount of energy that can be recovered is depending on the 
availability of the exhaust gases. The availability is a state property that quantifies the 
maximum work that could be produced by a fully reversible work producing device and 
mainly depends on both upstream fluid properties and ambient conditions. Exhaust gas 
availability analysis for different types of vehicle power trains will be presented in Section 3.1. 
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Figure 2.4 Components of an automobile exhaust system [15] 
 
Figure 2.4 illustrates an exhaust gas system of an automobile with basic components, 
needed to control the noise level and the emission of pollutant gases. The highest 
temperature (thermal energy) is at the exhaust manifold and going in the direction of the tail 
pipe, the temperature diminishes and availability of the thermal energy reduces. Location for 
installing the thermal energy recovery system has to be optimised, not to affect the 
performance of the exhaust after treatment components. This is mainly due to the fact that 
the after treatment systems work in their optimum range at higher temperatures. SCR must 
operate in a particular temperature window and a DPF needs a burst of high temperature gas 
from time to time. These advanced technologies require the minimization of the heat losses 
in the exhaust system and would benefit from an efficient thermal energy recovery process in 
the exhaust system. Heat recovery at the EGR cooler has also been an attractive research 
interest. 
The following sections will include detailed discussions of the applicability of different thermal 
energy recovery systems in practice.  
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2.2 Vapour power or bottoming cycles 
Energy recovery from the waste heat of an ICE has become a more challenging and crucial 
research area due to factors like: complexity in vehicle applications, waste heat utilization & 
efficiency, power to weight ratio of the vehicle, additional maintenance, fuel economy and 
controllability. Previous studies [11-12 and 16-23] revealed that the vapour power cycle is the 
most efficient thermal energy recovery technique for ICEs, and also revealed that the 
evaporator (boiler) of the Rankine cycle system can recover more than 90% of exhaust 
thermal energy (in the form of steam), a performance that outdoes other candidate heat 
recovery systems. Ideal Rankine cycles or vapour power cycles basically consist of four 
components (Figure 2.5); boiler, turbine, condenser & pump, and can be divided into four 
processes; heat addition (heat in), isentropic expansion (work out), isobaric heat rejection 
(heat out) and isentropic compression (work in), and each associated with a phase change of 
the working fluid.  
 
Figure 2.5 Ideal Rankine Cycle 
 
In an actual Rankine cycle, the irreversibility and consequent loss of availability due to 
frictional and other losses such as finite time taken by valve operations, pressure drop due to 
fluid friction and heat transfer through the walls, always lead to		
  		
 ( 
-thermal efficiency). In a reciprocating vapour expander, cut-off timing also directly causes 
the cycle efficiency and the work output of the cycle such that, too early cut-off leads to 
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smaller work done per cycle and late cut-off to excessive consumption of steam. But, higher 
cycle efficiencies can be achieved by controlling the steam cut-off timing instead of using a 
throttle to regulate the steam flow rate [16]. 
Various system configurations have been proposed to recover waste heat, based on Rankine 
cycle. These configurations are illustrated in Figure 2.6, differing in the utilization of the heat 
source (exhaust system/coolant), number of system components such as: expanders, heat 
exchangers, accumulators and etc [16].  
 
Figure 2.6 Conceivable designs for the heat recovery of the engine waste heat with steam 
cycles [12] 
 
Diego et al. [11] proposed a vapour power cycle to recover energy from the exhaust gas and 
engine coolant (3rd configuration in Figure 2.6). In his study, the conventional engine cooling 
system was eliminated and as a replacement, the engine block and exhaust gas were used 
as the evaporator of the Rankine cycle with water as the working fluid. Waste heat of the 
engine block was used to boil the working fluid and the high temperature exhaust gases were 
used to superheat the working fluid. It was found that the system can recover up to 8.1% 
from total input. But the back pressure constraint imposes a significant limitation to the 
complexity of the heat exchanger of the exhaust gasses. Simulations on vehicle thermal 
energy recovery carried out by Hounsham et al. [17] reported that more than 6% of fuel 
economy could be achieved and overall efficiency of the engine can be enhanced by 
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implementing a vapour power cycle. Further, the findings revealed that the future work 
should mainly concern on the dynamic behaviour of the heat exchanger and the formulation 
of an optimal control system to make it realistic. 
Experimental work carried out by Endo et al. [18] confirmed that the Rankine power cycle 
can effectively be controlled within the temperature, range of 400-500°C and pressure, range 
of 7-9MPa regardless of the vehicle speed. The Rankine system converts a part of the 
thermal energy input to the system while the residual energy was discarded to atmosphere 
through the condenser. As the vehicle speed increases, the power required to drive the 
vehicle also increases and resulting higher work output of the vapour power cycle. John 
suggested [19] that the optimal conditions for a Rankine bottoming cycle are a function of the 
pinch temperature difference (minimum temperature difference which minimizes the energy 
consumption at the heat exchanger) chosen for the heat transfer equipment (boiler and 
condenser) and in addition the optimum conditions change with load. This prior work shows 
that heat recovery systems must be designed with a view to product cost and a realistic view 
of operating conditions. Ringler et al. [12] claimed that the minimum condensation level is 
better to be set at 70°C, as in any Rankine heat recovery application a large fraction of the 
recovered energy is rejected from the condenser. Their studies further stated that in order to 
limit the effort for safety measures, to reduce material costs and to avoid contamination 
through leakage, the maximum temperature has to be limited to 300°C and the minimum and 
maximum pressures should be restricted to 0.7 and 10bar, respectively.  
The work output of a vapour power cycle for a given temperature gradient differs significantly 
for various working fluids because of their different latent and sensible heat capacities. In 
order to optimize the work output for a given temperature gradient, the evaporation enthalpy 
should be as high as possible. Since, water exhibits the highest evaporation enthalpy 
followed by alcohols, it has become markedly the preferred working fluid for any heat 
recovery system based on the Rankine process. Methanol is not a good candidate, due to 
health risks. Other organic substances such as toluene have much lower evaporation heat 
levels [20]. For every Rankine cycle, the knowledge on temperature levels of the heat 
sources is essential for the selection of a working fluid and the optimization of the operating 
conditions. Hence, the temperature variations of coolant and exhaust gases over various 
driving cycles and atmospheric conditions must be fully understood prior to the design. At 
lower speeds the coolant of the engine dominates as the heat source, whereas at higher 
speeds the exhaust gases dominate as the heat source. However, it is obvious that with 
increased driving speeds more power is needed and will result in higher waste heat flows, 
though with greater potential for energy recovery. 
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Diego et al. [11] claimed that heating the fluid to saturation conditions is plausible with 
organic working fluids in comparison with water. He further stated that the high pressure 
water cycles required larger multistage turbines because of high pressure ratios. However 
potential efficiencies and fuel economy are very high when water is the working fluid. 
Chammas et al. [21] analysed the size of the condenser for various working fluids and 
pressure ratios. A high pressure drop and a fluid that has a specific heat capacity similar to 
water will offer the best condenser size. Low pressure ratios and organic fluids demand big 
condensers. A limiting factor deciding the packaging and sizing of any bottoming cycle is the 
size and power requirement of the condenser where, water is known to be the most 
favourable working fluid to satisfy such requirements.  
Studies conducted by Stobart et al. [16] suggested that the reciprocating (positive 
displacement) expander used with a high temperature and pressure ratios and water as the 
working fluid, leads to higher thermal efficiencies for bottoming cycles. Even though, the 
turbines offer higher efficiencies than reciprocating expanders theoretically, it has to be 
disregarded due to poor response to velocity and torque characteristics. Some other 
research works [20 and 22] also stated that, turbine is not a good candidate for expansion 
process in automobile thermal recovery point of view. One major reason is the speed of the 
turbine is much higher than those of CI engines requiring a speed reduction gear box to be 
installed, which adds cost, mass and complexity and introduces another source of 
irreversibility. In contrast the speed of a reciprocating expander has closer speeds as CI 
engines so that a simple gear drive can be used to transmit the recovered energy. Larger 
expansion ratios results in greater irreversibilities in bottoming cycles. But, a series of 
expansion steps would reduce the degree of loss by reducing the dynamic effects that lead 
to irreversibilities. Considering the power to weight ratio, complexity and degree of 
hazardous, the positive displacement expanders are much preferred to turbines for use in 
bottoming cycles.  
The steam generating rate is one of the most important dynamic features of the vapour 
power system. Water - steam conversion rate (time taken to the conversion process) is 
directly proportional to the volume of the water quantity. Stobart et al. proposed [16] a new 
method to speed up the water - steam conversion process. Two subsystems were introduced 
and one was used to make saturated water and the other was used to rapid evaporation of 
saturation water and suggested to use waste heat of the engine coolant to make saturated 
water and then exhaust thermal energy to produce steam. The novel method results to 
speed-up the steam generation rate and the engine performance accordingly.  
Honda [24 and 25] developed a hybrid vehicle simulation model, integrated with a waste heat 
recovery system to analyse the transient performance of a Rankine cycle co-generation unit 
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in a hybrid vehicle application. It was shown that the proposed waste heat recovery concept 
is more efficient than the regenerative breaking system employed by most current hybrid 
cars. This initial simulation work has been performed to understand and establish control 
logic for the entire hybrid vehicle before making a real test bench. 
Turbo-steamer is a novel concept developed by BMW [26] which uses a steam engine to 
recover waste heat produced by the ICE, is proven to recycle more than 80% of the thermal 
energy contained in the exhaust gas. This innovative design was tested on a 1.8litre BMW 4-
cylinder engine and was shown: fuel consumption reduction up to 15%, 10kW and 20Nm 
extra power and torque respectively. BMW has planned to launch their next generation 
hybrid automobile based on this technology.  
In thermal recovery systems there are a number of variables that have a significant effect on 
the overall performance of the system such as: exhaust gas flow rate, temperature, operating 
pressures, dryness fraction and etc. Availability analysis (exergy flow analysis) has to be 
carried out to measure and predict the work output of the shaft. Higher temperature and 
pressure of the working fluid in Rankine cycle result in higher availability in the system or 
more useful energy stores.  
Available energy is a strong function of exhaust gas temperature. Higher the exhaust 
temperature, higher the shaft output and hence, much higher efficiencies can be seen in a 
Rankine Cycle when the hot gas temperature is high. During the transient operation, 
pressure directly does not effect on availability while at steady state operation availability 
increases with the system pressure. Availability also increases with the dryness fraction of 
the working fluid [23].  
A first law analysis is not a good indicator or good evaluation method of the energy utilization 
systems as the enthalpy flow does not necessarily reflect the mechanical work that can be 
produced and nor the cost of conversion. Thus the investigations must be directed towards 
the second law and are presented in the Chapter 3. Reversible systems are not practically 
realizable and, all energy transfer (heat/work) processes have inherent irreversibilities 
difficult to overcome. As discussed above, there are many restrictions to improve the 
efficiency of a Rankine cycle (vapour power cycle). Heat recovery using vapour power cycles 
have not been widely tested in light duty vehicles as those systems face substantial 
engineering challenges to produce a working solution. The majority of the vapour power-heat 
recovery studies have been performed on heavy-duty diesel engines and demonstrated 
impressive efficiencies compared to the other heat recovery methods. However, Honda and 
BMW have focused their studies on passenger vehicle application and have achieved 
remarkable results. 
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2.3 Vapour absorption systems 
Vapour absorption technology has been in use for refrigeration and air conditioning 
applications for several hundred years and needs only a heat source to operate, unlike 
vapour compression systems which require an electrical supply. Thus, vapour absorption 
systems are economically advantageous to implement if the heat source is freely available 
and, as a thermal energy recovery technique to recover exhaust heat and heat absorbed by 
the cooling water in thermal power plants and ICEs. A further advantage is the lack of 
moving parts, meaning a strong potential for quieter and more reliable operation. Although, 
the application of this concept to thermal recovery in ICE is new, it has been identified as an 
alternative method to replace the engine driven vapour compression air conditioning systems 
and electrically powered vapour compression refrigeration systems, cargo coolers and bottle 
coolers. One important potential application is in providing the means to continue the 
operation of air conditioning systems when the vehicle engine is shut down for short 
durations. 
Absorption refrigeration systems use two working fluids; the refrigerant and the absorbent, 
unlike vapour compression systems [27]. Most applied working fluids are the pair of 
Ammonia refrigerant-water absorbent (NH3-H2O) and, water refrigerant-Lithium Bromide 
absorbent (H2O-LiBr). NH3-H2O absorption systems are highly stable at a wide operating 
temperature and pressure ranges and can be used for cryogenic refrigeration applications 
unlike H2O-LiBr systems. LiBr systems cannot operate below 0ºC, because of the limitations 
of thermodynamic properties of the refrigerant, H2O.      
Figure 2.7 shows a schematic arrangement of a simple vapour absorption refrigeration 
system. Main components of the absorption refrigeration system are generator, condenser, 
expansion valves, evaporator, absorber and pump. The refrigerant is only present in the 
condenser and the evaporator whereas, the refrigerant solution (mixture of refrigerant and 
absorbent) circulates within the absorber and the generator. The weak NH3 solution from the 
generator and the saturated refrigerant vapour from the evaporator get mixed in the 
absorber. The strong NH3 solution is pumped back to the generator by a pump. The pump 
work of the absorption refrigeration system is negligible in comparison to the compressor 
work of the vapour compression refrigeration systems. Heat is added to the generator from 
an external heat source and, in comparison with the input heat to the generator, the pump 
work is negligible. An external heat source to the generator could be from fossil fuel burning, 
gasifiers and waste heat from stationary power plants or an automotive motive ICE. Because 
of the flexibility of selecting the heat source to the absorption systems, it has been recently 
interesting as an energy recovery method in automobiles, aiming to replace the vapour 
power air-conditioning systems and electrically driven bottle coolers.        
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Figure 2.7 Simple vapour absorption refrigeration cycle 
 
Passenger vehicle air conditioning systems account for approximately 5.5%, 3.2%, 3.4% and 
19.4% of total vehicle fuel consumption during the summer time in respectively the USA, 
Europe, Japan and India (South Asian Countries) respectively [28]. The fuel consumption 
could be significantly reduced if the compressor or the vapour compression air conditioning 
system is replaced by an alternative air conditioning system such as vapour absorption 
systems. Also it was found that the average power ratings of portable (camping) bottle 
coolers are around 50-150W, depending on the volume of the cooler unit. Here again, the 
engine fuel consumption can be reduced by replacing the vapour compression refrigeration 
system with an alternative refrigeration system.    
Manzela et al [29] tested a NH3-H2O absorption refrigeration system, for passenger vehicle 
refrigeration application using heat from the exhaust gas of 1.6litre 4-cylinder engine. It was 
found that the refrigerator reached a steady state temperature between 4ºC-13ºC about 3hrs 
after system start up, depending on the engine throttle valve opening. It was also noted that 
the pressure drop of the exhaust system after implementing the refrigeration system is 
insignificant and the engine output power is increased and hence, the specific fuel 
consumption was decreased significantly. Refrigeration system showed a very low 
Coefficient of Performance (COP) due to the inefficiency of the heat transfer process 
between the components of the system. 
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Venkatesan et.al [30] also conducted a theoretical and experimental analysis on 
implementation of vapour absorption systems for air-conditioning in automobiles and has 
suggested analysing the engine performance characteristics due to back pressure build-up 
by the absorption system. Further analysis highlighted that the generation of the required air-
conditioning load solely by the absorption refrigeration system would be impossible when the 
engine is idling such instances as very slow moving traffic or at rest due to low exhaust 
temperatures. The size, weight and initial cost of the absorption refrigeration systems are 
comparatively higher than that of the compression refrigeration systems due to the 
replacement of the compressor by a generator and an absorber. However, the integration of 
the generator and absorber with an additional thermal energy storage device which utilizes 
both the engine coolant and exhaust gas will be more promising for stop-start operation of 
the vehicle when the engine is stopped for short periods.    
Further research and developments need to be conducted of this technology to be 
implemented as heat recovery systems in automobile application aiming to reduce the 
complexity, improve the COP and enhance the power to weight ratio.  
2.4 Turbo-compounding technology 
Turbo compounding technology is another well-known technology used to increase the 
combustion efficiency, power output and reduce the fuel consumption of ICEs by recovering 
waste energy in the exhaust gas. In a turbo-compound engine, turbocharger is supplemented 
with a power turbine. Unlike in naturally aspirated (NA) engines, the combustion air of the 
turbo-compound engine is compressed and cooled before being supplied to the combustion 
chamber by a compressor which is driven by an exhaust gas powered turbine. Hence, the 
engine aspirates the same volume of air, but due to the high pressure, more air mass is 
supplied into the combustion chamber and increases the combustion efficiency while 
recovering the exhaust energy. The Figure 2.8 illustrates the typical configuration of a 
turbocharger equipped engine. 
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Figure 2.8 Schematic flow diagram of a Turbocharger [31] 
 
The performance characteristics of turbo-machineries depend on a number of independent 
variables: inlet & outlet pressures, inlet air temperature, engine speed, characteristic length, 
gas constant, polytrophic index and viscosity of air. Energy recovery using turbo-
compounding technology can be improved by enhancing the isentropic efficiencies (reducing 
aerodynamics losses) of the turbine and the compressor. Mechanical losses of turbo-
compounding devices are mainly due to bearing frictional losses. Turbo-compounding 
system has to meet different requirements with regard to the height, width, efficiency 
characteristics, moment of inertia of the rotor and conditions of use. So that, new compressor 
and turbine types/geometries are continually being developed for various engine 
applications. The appropriate compressor can be selected on the basis of the required boost 
pressure characteristic curve. For instance, the full-load curve should be such that the 
compressor efficiency is at its maximum in the main operating range of the engine.  
The thermodynamic matching of the turbocharger is implemented by means of mass flow 
and energy balances. The air delivered by the compressor and the fuel fed to the engine 
constitute the turbine mass flow rate. In steady-state operation, the turbine and compressor 
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output powers are identical (free wheel condition). The matching calculation is iterative, 
based on compressor and turbine maps, as well as the most important engine data. 
Computer simulation analysis of engine and turbocharger should be used to find out the 
precise turbine and compressor matching. Otherwise the performance of the engine will be 
reduced. Furthermore, the exhaust gas composition should also be analysed after the turbo-
compounding devices because of stringent emission regulations [32]. 
Previous studies revealed that the Brake Specific Fuel Consumption (BSFC) can be 
improved up to 5-6% by implementing a turbo-compounding system in an IC engine [33]. 
Unlike other energy recovery systems used in ICEs, turbo compounding devices can only 
use the pressure gradients and/or kinetic energy fractions of the exhaust gas; hence 
efficiencies are much lower than other processes [12]. Turbo-compounding devices are of 
low complexity, small size, low cost and high power to weight ratio devices. The main 
disadvantage of turbo-compounding is the increase of the engine backpressure and pumping 
losses which result a reduction in net engine power [34]. Further, the turbo-compounding 
engines could face refinement questions for passenger car applications as they tend to make 
high noise due to rotor-dynamic devices. Hence, turbo-compounding devices essentially are 
used in heavy duty diesel engines, racing cars and marine applications where the noise 
emissions can be managed. 
Exhaust energy can be recovered using two types of turbo-compounding devices, 
Mechanical and Electrical. (C-Compressor, T-Turbine, PT-Power Turbine) 
 
Figure 2.9 Schematic of a Mechanical Turbo-Compounding Device 
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Figure 2.10 Schematic of an Electrical Turbo-Compounding Device 
 
A schematic diagram of a mechanical turbo-compounding device with an additional power 
turbine is illustrated in Figure 2.9. The power turbine is mounted downstream of the 
turbocharger and is mechanically coupled to the engine crankshaft via a gear train. 
Alternatively, an electric generator can also be used to replace the mechanical coupling, to 
reduce volume and mechanical losses. This technology has been tested in previous studies 
using both axial & radial turbines and for full load & part load conditions and the reported 
average reduction in BSFC is 5% [35]. Unlike mechanical turbo-compounding method, 
electrical turbo-compounding (Figure 2.10) uses high-speed generator to recuperate a 
fraction of the exhaust gas directly from the turbocharger and converts into electrical power. 
The efficiency of the electrical turbo-compounding devices is higher than that of the 
mechanical turbo-compounding devices, since the energy is stored and then re-used when it 
can be deployed more effectively.  
Hopman [32] analysed an electrical turbo-compounding system and predicted an average of 
5% fuel economy improvement for a driving cycle and a maximum of 9-10% when using high 
efficiency turbocharger components. Mechanical turbo-compounding with EGR results in a 
decrease of NOX emission in the range of 12-17% depending on the engine load; whereas 
electrical turbo-compounding contributes only a 7% reduction of NOx irrespectively of the 
engine load. Electrical turbo-compounding technology is attractive if and only if the turbo 
charger efficiency is high. Otherwise, the most attractive technology would be a mechanical 
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form. Eventually, both technologies result in a reduction of engine BSFC and increase the 
overall power output of the engine due to the power generated from exhaust gas. Rather 
than single stage turbo-compounding, two stage turbo-compounding is more viable for 
providing very high boost pressures to obtain higher engine brake mean effective pressures. 
After-coolers or intercoolers, placed prior to the cylinder inlet can be used to further increase 
the combustion performances while using a turbo-compounding device [35]. Simulations and 
experimental work carried out by Niklas et.al [36] also claimed that it is necessary to use a 
two-stage turbo charger system (as illustrated in Figure 2.11) rather than single stage in 
heavy duty vehicle applications that also require the use of EGR.  
 
Figure 2.11 Schematic flow diagram of a two-staged turbocharger [31] 
 
Variable Geometry Turbochargers (VGTs) are an advanced form of turbocharger devices 
and currently, applied in a wide range of CI engine applications. The VGT is equipped with 
movable vanes and hence, it can operate more efficiently at all engine speeds including low 
engine speeds unlike fixed geometry turbo-chargers. VGTs offer the possibility to control the 
entry conditions to a second stage expansion device, although experimental evidence of the 
benefits is absent from the general literature.      
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Heavy duty diesel manufacturers and high speed vehicle manufacturers are continuously 
conducting researches on this technology as it is a promising exhaust energy recovery tool 
for a range of road vehicle categories. 
2.5 Thermo-electric generation  
Thermoelectric generators (TEGs) have been identified as a reliable solid state technology 
for power generation [37]. TEGs have many advantages in comparison to other thermal 
energy recovery methods, i.e. no moving parts, produce no noise and vibration, low 
maintenance, more environmentally friendly and direct conversion of low quality thermal 
energy into high quality electrical energy. Because of these properties, it has been 
traditionally used in places where other methods of reliable power generation systems are 
not feasible such as: deep-space missions (as RTGs – radioisotope thermo-electric 
generators), gas pipe lines and etc.  
In an automobile, more than 40% of fuel energy is rejected to the environment. But, this 
wasted energy can be directly utilized to generate electricity and to supply for the vehicle 
charging system (as a replacement of an engine-driven alternator) or to drive the traction 
electric motor of a hybrid vehicle [38]. Recent studies have begun to look at the feasibility of 
using thermo-electric (TE) devices to recover waste heat as electrical energy from IC 
engines. Hence, the application of TE power generation in automotive industry is a promising 
field and has exposed a new research area for worldwide researchers and automobile 
manufacturers [39].  
 
Figure 2.12 Thermo-electric power generation  
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The energy conversion process of a TEG is illustrated in Figure 2.12. The thermo-electric 
module (TEM) is sandwiched between the hot reservoir and the cold reservoir. Thermal 
energy is converted into electrical energy due to the changes of internal quantum structure of 
the TE material. In order to realize the practical importance as a generator in heat recovery 
units, it is necessary to increase the conversion efficiency of the TE material and to improve 
the heat transfer from exhaust gas to the TEM [40 and 41]. TE waste heat recovery was 
considered to be not economical by some researchers, because of the low figure-of-merits 
() and extremely low conversion efficiencies of TE materials and TEMs respectively. 
According to some manufacturers’ beliefs, the unit cost, complexity and weight penalty of 
TEG systems makes them less attractive for automotive applications.  
But, Aleksandr et al. [42] successfully developed a 1kW TEG to be implemented in heavy 
duty diesel trucks to  replace the shaft driven alternator and, experimental results carried out 
using Cummins 335 Diesel Engine, confirmed the conversion efficiency of present TEMs 
(made by Bi2Te3, B4C/B9C-Si/SiGe and etc) is around 1-5%. Further, it was found that the 
power output of the TEG, strongly depends on engine load and the engine speed. The 
highest electric power output was recorded as 900W at an engine load closer to 300hp at 
2100rpm. However, their findings have not been published in any internationally recognised 
publications, apart from their company publications. 
Stobart et.al [43] developed a vehicle model to predict the fuel consumption rates for range 
of vehicles with TEGs and predicted a fuel saving of 3.9-4.7% for passenger vehicle 
application. It further revealed that the transit busses are capable of 7.4% fuel saving for 
range of drive cycles with a pay back of 6 years with current thermo-electric materials and 
costs.   
Thacher et al. [39] also tested the performance of an exhaust mounted TEG in a full size 
truck with a 5.3litres V-8 gasoline engine. The device generated around 180W at 113km/h 
and zero grades. It was estimated that the recovered energy corresponded to a 1-2% fuel 
economy improvement and concluded that to extract more power either a larger unit was 
necessary or the heat exchanger design needed improvements. Previous studies [39 and 44] 
revealed that, insulating the exhaust system and lowering the coolant or cold side 
temperatures dramatically affect the power production by improving the fuel efficiency of the 
TEG system. Thacher et al. [39] further reports that the parasitic losses resulting from the 
TEG weight and the coolant pumping power are significant but manageable, and the 
increased exhaust flow resistance and the additional heat load from the TEG were not 
significant effects. Yang [45] reported the possibility of generating an average of 350W on 
Federal Test Procedure (FTP) driving cycles with a conventional full size truck resulting in 
3% composite Urban/Highway fuel economy improvement.  
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Studies carried out by Quazi et al. [37] revealed that the transient state power generation is 
significantly higher than steady state power generation of a vehicle according to 
Environmental Protection Agency (EPA) test cycles. Further, it claimed that the lower 
exhaust gas temperatures and lower mass flow rates results in lower TEG power generation 
and higher backpressures. However, it was shown that the TEG performance increases 
under the high load conditions. In addition, Crane et al. [46] studied the potential for using 
waste heat from engine coolant with a thermoelectric device integrated into the radiator. 
Their modelling results also suggested that it is plausible to produce enough power to 
replace the alternator, and the penalties associated with increased radiator size and pumping 
losses is minimal. Tomarchio [47] also designed an air-cooled TEG, which is theoretically 
capable of converting sufficient automobile exhaust energy to meet the entire alternator load 
when travelling above 80km/h. However, it was suggested that the effectiveness of the air 
cooled TEGs are very low and found to be larger than the water cooled TEGs. There are four 
other reported heat rejecting methods used in TE power generation, i.e.; water jacket 
cooling, air-water radiator cooling, water/air cooling tower and air-fin blower cooling [47]. 
Two distinct heat extraction methods can be identified in TE generation [48]; direct heat 
exchange and indirect heat exchange. Direct heat exchange is more feasible for automotive 
applications due to simplicity, low manufacturing cost and better heat exchanging 
performances than indirect heat exchange. Morelli [49] pointed out the heat transfer from the 
exhaust gas stream to the hot side of the TEG is inefficient due to low convection coefficients 
of air and low mass flow rate of the exhaust gasses. Valuable data to emerge the viability of 
this technology has to be obtained and many serious problems remain to be solved 
technically, i.e. optimizing the heat transfer performance of the TEG and, optimizing the TE 
materials. Stobart et al. [50] carried out the initial investigation to optimize the TEG heat 
exchanger geometry and suggested that the heat exchanger geometry needs to be carefully 
designed to maximize the heat transfer while minimizing the pressure drop across the 
device. 
TE materials fall into two categories, n and p whose behaviour differs in the form of the 
electrical conduction mechanism. By combining two TE materials with two junctions across a 
temperature difference, a potential difference is developed. The “Seebeck Effect”, named 
after the physicist who first noted the effect is the foundation of TE device behaviour. The TE 
converter is a heat engine and like all other heat engines it follows the laws of 
thermodynamics. Conversion efficiency of a TEM depends on many parameters such as; 
electrical & thermal resistances of the TE materials, Seebeck & Peltier coefficient of the 
junctions, length & area of TE element,  &  and internal resistance of the TEM [51]. The 
maximum conversion efficiency () of a TEM is expressed in Eq (2.1) as, 
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   √1    1√1     !
   " (2.1) 
Where, -thermoelectric figure of merit, -temperature, #-cold and $-hot, non-dimensional 
figure of merit is defined as ; where  is the average temperature given by   %&'%()  . 
Where,  and  are hot side temperature and the cold side temperature of the TEG 
respectively. 
Figure 2.13 illustrates the relationship between the conversion efficiency, temperature 
difference and the  of a TE material. Conversion efficiency increases with the  and the 
temperature difference across the TEM. 
 
Figure 2.13 Variation of conversion efficiency with temperature difference and  
 
The conversion efficiency increases with the  of the material. The power, on the other 
hand, always increases with temperature difference of the hot and cold sides of the TEM 
surfaces (∆); therefore, to maximize the power production, the hot junction temperatures 
should be as high as possible and the cold junction temperature as low as possible, 
subjected to material limitations [49]. TEG generates power if and only if ∆ + 0.  
and	-. increases with increasing Δ. Hence, there should be a compromise between 
the  and ∆, to increase the conversion efficiency of the system [48]. Figure of merit, , is 
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used to define the performance of TE material and it is independent from the hot and cold 
side temperatures.  
  1)23 (2.2) 
Where, 1-Seebeck coefficient, 2-thermal conductivity of the TE material and 3-electrical 
resistivity of the TE material 
Typical optimal values for 1, 3 and 2 are in a range of; 1 +150-230µV/K, 3 0.001-
0.003mΩ.cm and 2 1.5-3.0W/mK respectively [52].  
 
Figure 2.14 (a)  of p – type  (b)  of n – type, TE  materials [47] 
 
The Figure 2.14 illustrates the  vs Temperature variation of some TE materials. In order to 
improve the , high electronic conductivity, high TE power and low thermal conductivity 
have to be achieved in the same material simultaneously. For a TE material to work 
efficiently  values of order of one or larger are needed. Efforts are in place to improve the 
figure of merit of TE materials which have higher values of 	4+ 26 [53].  Materials having  + 0.5 are usually considered as TE materials [54], but so far materials having  + 1 are 
not commercially available despite TE effects being known for some time. Thus, the 
conversion efficiencies of current TE materials are less than 5%. 
Commercially available TEMs made of bulk TE materials such as alloys of Bismuth (Bi), 
Lead (Pb),Tellurium (Te), Silicon (Si) and Germanium (Ge). Hi-Z Technology Inc. used 
Bi2Te3, which has a  of 1 for their mass production of TEMs [53]. A Lead Telluride (PbTe) 
based TE material having  of 1.7 at 700K in both p-type and n-type, has been explored by 
a TE research team of North Western University. This is a higher performance compared to 
conventional Bi2Te3 based TE materials [55]. However, PbTe suffers serious disadvantages 
in automobile applications because of the toxicity of Pb, which has been identified as one of 
the restricted-hazardous substance in the European Union (EU) [56]. Therefore, researchers 
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in the EU explore for Pb free TE materials. Development of a p-type nano-crystalline 
(BiSbTe) bulk TE material having a  of 1.4 at 373K was also reported by a TE research 
group led by Bed, at Massachusetts Institute of Technology recently [57]. Another promising 
n-type bulk material, In4Se3-δ, which achieves a  value of 1.48 at 705K, was discovered by 
Jong et al [58] recently. Hi-Z Technology suggested that currently available commercial bulk 
materials should not be operated at higher temperatures; >400 ˚C [59].  
Clathrates and Skutterudites, have high  values compared with bulk TE materials have 
been developed and improve the thermal and electrical properties of the material [60]. A joint 
research team from Cardiff University and University of California discovered a strong 
Clathrate (Ba8Ga16Ge30) to be employed in medium and high temperature applications 
having s of 1.35 and 1.63 respectively at 900K and 1100K [60]. TE research group of 
NASA also investigated a novel filled skutterudite TE material having a  of 1.8 at elevated 
temperatures to be used in deep space applications [61]. A TEG team [62], where the Heriot-
Watt University works as the material specialists, have found skutterudite TE material which 
exhibits high  values for wide range of temperatures. 
Recent advancements in enhancing the  of TE materials are associated with low-
dimensional structures such as quantum well (2-D), quantum wires (1-D) and quantum dots 
(0-D). Extensive investigations of number of research groups [63-65] have developed 
theories and methods to manufacture low dimensional TE materials having superior  
values of,  >3. Theoretical works carried out by physicists envisage that the  of 20 at all 
temperatures are achievable using low-dimensional materials. Further, the possibility of 20% 
maximum conversion efficiency has been predicted for best available TE materials.  
TEMs are composed of many TE elements. These TE elements need to be connected 
together using electrical conductors i.e. copper, without short circuiting. Hence, the interface 
material between the TEM and the heat source and, the TEM and the heat sink should have 
electrically insulation and high thermal conductance. Some of the common interface 
materials used in TEMs are; ceramic wafers, Kapton, Mica, sputtered coatings, hard 
anodized aluminium oxide (Al2O3) coatings and impregnated silicone pads [66]. 
The performance of a TE device for a given mass flow rate and a temperature of exhaust 
gas, is a function of many parameters. Other dominant factors are element area, element 
length, number of thermocouples in the TEM. The influence of those parameters on TEM 
output power and efficiency will be discussed in Section 3.3.5. The design objective is to 
produce the maximum power possible with the least amount of TE material (cost constraint) 
and backpressure (performance constraint). In addition, the system needs to have fast 
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thermal responses so that it can reach a reasonable generation rate in as little time as 
possible from start-up [67]. 
Different TE materials operate at its maximum  at a specific temperature. This strongly 
suggested that the different materials should be used to construct modules whose 
characteristics follow the likely temperature distribution at a model condition of the device. 
Even excellent TE materials may exhibit poor conversion properties due to poor design 
characteristics and temperature variations of the module. So that different TE materials are 
combined to build high performance TEMs. Materials with high efficiency at high 
temperatures and materials with high efficiency at low temperatures are mingled together, to 
make sure that both materials are operating in their most efficient temperature range. Plate 
type modules, segmented modules, cascaded modules and ring-structured modules are the 
typical examples for compound TE material usage.  
The major barrier to a successful application of this technology is the device efficiency. The 
TE properties of even the most advanced materials are still not sufficient to support a 
practical and cost effective thermal energy recovery system, but there is significant promise 
and research groups are continuing to investigate these systems with the aim of 
development in a variety of different applications. 
2.6 Thermo-chemical and thermo-acoustic systems 
Thermo-chemical and thermo-acoustic systems are not yet matured for automobile heat 
recovery applications and are still in the research and development phase. Principles and 
prototype developments of above systems will be briefly explained in the next two sections.  
2.6.1 Thermo-chemical systems 
Thermo-chemical (TC) heat pumps have become the most promising thermo-chemical 
energy recovery systems amongst other thermo-chemical systems in the automobile 
applications [68]. TC systems work due to the interaction between heat and chemical 
reactions, which results in heat releases, heat absorptions and phase changes of reactants 
and products.  
TC heat pumps are capable of storing otherwise wasted thermal energy to provide heating 
and cooling for the passenger compartment and also, to improve the exhaust emissions and 
efficiency for the cold-start operation of the vehicles. Drawbacks of TC heat pumps in 
automobile applications with comparable to other matured systems have been identified and 
are, low storage capacity, low efficiency, low power output per unit mass and poor stability of 
the materials [68].  
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Thermochemical heat pump systems are classified depending on the reactor type (reaction-
phase change, reaction-reaction, and reaction-separation), reaction phase (gas-liquid, gas-
solid and liquid-solid), driving operation (phase change, chemical reaction, distillation, 
membrane separation and compressor) and driving force (reaction pressure and 
concentration).  
Examples for main chemical heat pump systems are as follows; 
Reaction-phase change type (Figure 2.15 (a)): 
894:;6)  89:  ;):<=======>=======?@A&BCDEFGHI	4JAEF	GIKLF6MNNNNNNNNNNNNNNNNNNNNNNNOPQQQQQQQRQQQQQQQS
JBCDEFGHI	4JAEF	HLFKLF6TNNNNNNNNNNNNNNNNNNNNNNU
 
Reaction-reaction batch type (Figure 2.15 (b)): 
VW:  V:)  VWV:X<======>======?YEDZHIEFGHI	4JAEF	HLFKLF6MNNNNNNNNNNNNNNNNNNNNNNNNNOPQQQQQQRQQQQQQS
@A(EDZHIEFGHI	4JAEF	GIKLF6TNNNNNNNNNNNNNNNNNNNNNNNNNNU
 
Reaction-separation continuous type (Figure 2.15 (c)): 
4V;X6)V:  ;)  4V;X6)V;:;<=========>=========?
JAEF	HLFKLFMNNNNNNNNNNOPQQQQQQQQQRQQQQQQQQQS
JAEF	GIKLFTNNNNNNNNU
 
Where, Mg(OH)2 - Magnesium Hydroxide, MgO – Magnesium Oxide, CaO – Calcium Oxide, 
Ca(CO)3 – Calcium Carbonate, (CH3)2CO – Acetone and (CH3)2CHOH – Iso Propanol 
 
Figure 2.15 Classification of chemical heat pumps (a) Reaction-Phase change, (b) Reaction-
Reaction and (c) Reaction-Seperation[69] 
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More than 250 chemical reactions have been investigated with the aim of reducing the 
drawbacks of the heat pump systems [70]. Investigations have been conducted to recover 
the energy lost in the battery pack of hybrid vehicles and to store in thermal storages at 
middle temperature to improve the power train efficiency [69].  Some investigations have 
been proposed to utilize the waste thermal energy in the exhaust gas, to produce and 
convert the long-chain alternative fuels into short-chain fuels and enhance the thermal 
efficiency of the overall power train systems [71]. Expected efficiency gains from these 
systems are not comprehensively published yet as this heat recovery system is not yet 
popular amongst the automotive community.        
2.6.2 Thermo-acoustic systems 
Thermo-acoustics (TA) is the field of study about the phenomenal interaction between heat 
and sound. TA systems have been demonstrated as an effective technology which can 
potentially serve a variety of purposes such as cryogenics, commercial refrigeration and 
electricity generation; without creating adverse environmental impact or commercial 
drawbacks such as, construction, maintenance, and etc.  
TA generators can be driven directly using heat as the energy source, and therefore 
identified as a candidate thermal energy recovery device. TA generation systems have 
comparably lower power density and lower thermal efficiency than existing well developed 
and matured heat engines and, are still in the laboratory scale research and development 
state and hence, hardly find TA research investigations relevant to automotive applications. 
TA generator mainly consists of TA engine and a linear alternator as illustrated in Figure 2.16 
(a). The TA engine converts heat flux into acoustic power and linear alternator converts 
acoustic power into electricity. TA effect happens in the special component called 
“regenerator” or “stack” in the TA engine (Figure 2.16 (b)). Acoustic oscillation inside the 
regenerator forces the fluid to undergo a cycle of compression, heating, expansion and 
cooling [72]. The hot and cold heat exchangers at the ends of the regenerator cause a 
temperature gradient and determine the direction of the TA conversion. If the temperature is 
higher than a critical value, the system converts thermal energy into acoustic oscillation 
otherwise it transfers thermal energy. The regenerator is made of different kinds of material 
such as solid plate stacks, spirally rolled plates, in order to reduce the irreversibilities and to 
improve the energy recovery.  
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Figure 2.16 (a) Thermo-acoustic generator [73] and (b) Regenerator/stack [74] 
 
The temperature gradient across the porous section in the regenerator results in 
amplification of pressure disturbances in the working gas and results in a loud noise being 
emitted once a steady state has been achieved. Inside the pipe after the regenerator, the 
noise is 100 times louder than a jet taking off, due to the conversion of thermal energy into 
acoustic vibration in the regenerator [75]. Sound waves then enter to the linear alternator, 
which consist of a diaphragm, metal coil and a magnet. Sound waves vibrate the diaphragm 
which is attached to a coil of metal wires that sit inside a magnet. As the wire coil vibrates in 
a magnetic field, it generates an electrical current which is captured by wires and converted 
to a voltage.  
TA is not yet popular among automobile energy recovery community as this technique is still 
in its very early stages. Therefore, energy recovery figures in-terms of BSFC and overall 
efficiency are not available in the literature. Further investigations need to be carried out to 
explore the viability of this heat recovery technique in automobile applications. 
2.7 Thesis aims and objectives 
The necessity of further improvement of the overall efficiency of a modern road vehicle 
(driven by ICE) requires an innovative thermal energy management system. The project aims 
are to critically evaluate all available energy recovery systems and through, extensive 
theoretical and experimental investigation of thermo-electric generation (TEG) systems to 
evaluate the potential for exhaust energy recovery. The main objectives of the thesis are as 
follows. 
1. Theoretical study of automobile heat recovery systems 
2. Design, fabrication and testing of a thermo-electric generator and, investigation the 
performance for significant examples of power-train technology 
3. Examination of the effects of the thermo-electric systems on engine performance  
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4. Theoretical investigation of the heat transfer performance of TEG systems 
5. Investigation, both theoretical and experimental, of the possibility of replacing EGR 
coolers in a heavy duty vehicle by a TEG heat recovery device 
6. Development of a scalable 1-D TEG model to analyse and optimise the performance 
of TEGs and to make the model available as a public-user reference 
7. Develop a component-in-the-loop (CIL) process to evaluate the fuel economy benefit 
of thermo-electric generation systems    
The ultimate aim of this study is to investigate the “exhaust thermal energy management of 
IC engines”.    
2.8 Summary 
Thermal energy recovery of ICEs has been identified as a vital and attractive research 
interest among the researchers and automobile manufacturers all over the world, aiming to 
reduce the CO2 emission from power-trains. Although, the number of energy recovery 
systems is being investigated for deployment in passenger cars and other types of vehicle, 
none of that research activity has yet encompassed the comparative performance of 
available energy recovery systems. It was recognized that thermo-electric generation (TEG) 
systems have many advantages over the other heat recovery systems and needs further 
investigation both analytical and experimental to be able to practically inform those involved 
in vehicle applications. In Chapter 3, a comparative assessment is made and then based on 
the promise of TEG the remaining Chapters of the thesis are dedicated to an understanding 
of TEG systems.  
Loughborough University 37 
 
 
3 
3 Theoretical study of automobile heat 
recovery systems 
Theoretical and numerical analysis of the availability of different exhaust systems are 
analysed in Section 3.1. Different exhaust pipe configurations designed to minimize the 
thermal losses in the exhaust systems are studied in Section 3.2. Section 3.3 includes a 
presentation of the theoretical analysis of the different components of the vehicle energy 
recovery systems. In addition a brief study of the internal and external irreversibilities taking 
place in the energy recovery system is also presented. Performance of vapour power cycles, 
turbo-compounding systems and thermo-electric generators are studied using 1-D engine 
simulation software and discussed in Section 3.4. Significant conclusions of the chapter are 
summarized in the Section 3.5.   
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3.1 Availability analysis of the exhaust flow 
The first law of thermodynamics is usually considered as the law of energy conservation and 
it helps to formulate an energy flow balance of an energy system. However, it does not 
indicate the maximum amount of energy that can be extracted from an energy system. 
Conversely, the second law of the thermodynamics describes the quality and the capacity of 
an energy system to perform useful work based on the concept of “availability”. Availability is 
a measure of the maximum work produced by an energy system and it depends on the 
states of the energy systems’ surrounding. The potential to extract work from an energy 
system increases with the difference of the thermal states between the energy system and 
the environment as depicted by the following equations [76]. 
The availability of a closed system at a specified state is given by the Eq (3.1),  
      	
  
     (3.1) 
Where,               
 - availability,  – specific energy, 	 – pressure, 
 – specific volume,  – temperature,  – 
specific entropy,  – specific internal energy,  – kinetic energy,  – potential energy, 
 – 
velocity,  – gravitational acceleration,  – elevation and  – ambient state   
The availability of the exhaust flow with respect to the ambient conditions can be expressed 
by rearranging Eq (3.1) as given in the Eq (3.2) and Eq (3.3), 
       	        
2  
2      (3.2) 
            
2  
2      (3.3) 
Where,     	,   – mass flow rate,  – internal energy and   – enthalpy 
Exhaust gas availability of different engines were calculated assuming; 
!"#$  0,    0,   300 and 	  1() and, are demonstrated in Figure 3.2, Figure 3.4 and 
Figure 3.6 for a light duty gasoline engine, light duty diesel engine and for a heavy duty 
diesel engine respectively. Calculations were performed for different engine operating 
conditions as depicted in the figures.  
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Figure 3.1 Exhaust temperature and mass flow rate data of the main exhaust stream of a 
naturally aspirated gasoline engine (Ford Sigma – 1.4litre engine) 
 
 
Figure 3.2 Availability of the main exhaust stream of a naturally aspirated gasoline engine 
(Ford Sigma – 1.4litre engine) 
 
As shown in the Figure 3.1, the exhaust manifold temperatures of the gasoline engines are 
much higher than that of diesel engines depicted in Figure 3.3 and Figure 3.5. On the other 
hand, exhaust gas mass flow rates of naturally aspirated SI engines are much lower than 
that of turbo-charged CI engines. Therefore, the availability of the exhaust flow of CI engines 
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is significantly higher than that of SI engines as shown in Figure 3.2, Figure 3.4 and Figure 
3.6. 
 
 
Figure 3.3 Exhaust temperature and mass flow rate data of the main exhaust stream of a 
light-duty turbocharged diesel engine (VW 1.9TDi – 1.9litre engine) 
 
 
Figure 3.4 Availability of the main exhaust stream of a light-duty turbocharged diesel engine 
(VW 1.9TDi – 1.9litre engine) 
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Figure 3.5 Exhaust temperature and mass flow rate data of the main exhaust stream of a 
heavy-duty turbocharged diesel engine (Caterpillar – 6.6litre engine) 
 
 
Figure 3.6 Availability of the main exhaust stream of a heavy duty-turbocharged diesel 
engine (Caterpillar – 6.6litre engine) 
 
It can be seen that the available energy in automobile exhaust systems are in the range of 5-
70kW and is dependent on the temperature and the mass flow rate of the exhaust gas or the 
operating conditions of respective engines. Generally, this very significant energy flux is 
being rejected to the surrounding. As discussed in the previous chapter, number of different 
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methods and attempts has been made to recover this exhaust waste energy with the aim to 
improve the overall engine performance.  
It was suggested that the energy recovery from exhaust gas is much more promising than 
recovering the energy from coolant [77]. Many investigations [78 and 79] have been carried 
out to analyse the effect of in-cylinder insulation using thermal barrier coatings (TBC) by 
introducing the concept of adiabatic coatings. Yttria stabilized Zirconia (YSZ) has been 
identified as the most common TBC in automotive applications. By applying the TBC, the 
heat loss from the engine cylinder reduces, significant part of the energy converted into 
piston work and rest, available to recover power from the exhaust. As a result, cooling 
system requirements reduces, vehicle weight reduces and finally, overall thermal efficiency 
of the engine increases. Moreover, it was found that [77] a thin layer (0.05mm) of TBC 
enhances the thermal efficiency of an engine significantly higher than that of a thick layer 
(0.4mm) of TBC. As discussed above, advanced in-cylinder insulation techniques have to be 
always integrated with exhaust energy recovery systems to improve the overall thermal 
efficiency of the engine. 
Therefore, the performance analysis of different exhaust energy recovery systems will be 
discussed in the later sections of this chapter. Processes such as, heat transfer through a 
finite temperature difference, friction losses and etc, which increase the irreversibility or 
entropy generation, destroys the availability of the exhaust flow. Therefore, the exhaust 
system needs to be isolated from the surrounding to minimize the heat transfer or to 
minimize the availability destruction of the exhaust flow, to increase the available energy to 
recuperation. Thus, insulation of the exhaust system/components becomes crucial when the 
exhaust system is integrated to integrate with a thermal energy recovery system. Therefore, 
the next section will address the heat transfer analysis and insulation of the exhaust systems.  
3.2 Heat transfer analysis of the exhaust system 
Heat transfer analysis and temperature prediction are crucial in automotive exhaust system 
design due to many reasons such as; design and positioning of the after treatment devices 
(catalytic converter, DPF and muffler/silencer), predicting the life time of the tail pipe and 
sizing the exhaust thermal energy recovery systems. The exhaust system heat transfer 
phenomenon is complex. Heat transfer occurs as a result of a temperature difference and, 
the temperature difference considered as the driving force that causes thermal energy to flow 
from hot exhaust gas to cold ambient, which in turn causes destruction of available energy in 
the exhaust flow. All three modes of heat transfer; conduction, convection and radiation are 
involved and analysed as follows. 
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3.2.1 Modes of heat transfer 
Conduction: 
Heat transfer due to molecular activity in the absence of bulk motion is called as conduction. 
Fourier’s Law of 1-D conduction heat transfer (*) can be expressed as, 
*  +,,- (3.4) 
Where, +- thermal conductivity, - heat transfer area, 	- temperature,	-	– wall thickness and  /0/1	- temperature gradient  
Advection: 
Advection is defined as the heat transfer due to bulk motion of fluid. 
*   23  4 (3.5) 
Where,  -mass flow rate, 23-specific heat capacity, 	–temperature, 4	–average 
temperature of the fluid 
Convection: 
For fluids, conduction and advection are usually combined as convection and considered in 
two parts, forced convection and natural convection. Newton’s Law of cooling can be written 
as,  
*   5  4 (3.6) 
Convection heat transfer coefficient,  , can be determined from an empirical Nusselt number 
(6) relationship as expressed in Eq (3.7), where 78 is the characteristic length, + is the 
thermal conductive coefficient of the fluid and 5	is the surface temperature 
6   78+  (3.7) 
Natural convection: 
Empirical Nusselt number for natural convection can be written as a function of several non-
dimensional parameters as expressed in Eq (3.8), 
6  9:(;  9<=. =; (3.8) 
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9 and ? are geometry dependent parameters. Always; 9 @ 1. ?  1/4 for a laminar flow and ?  1/3 for a turbulent flow respectively. Rayleigh number (:() is a function of Grashof 
number (<=) and the Prandtl number (=). <= determines whether the flow is laminar or 
turbulent. The flow through a cylinder is considered to be laminar if the <= @ 10C or else as 
turbulent.  
Advantages of natural convection are used for insulating purposes unlike forced convection. 
For example, in automobile industry, still air is used as an insulation material to insulate the 
exhaust pipe in double-wall pipe with air gap arrangement.  
Nusselt number correlation for natural convection in a cylinder can be expressed as, 
6 
DEE
EEE
F
0.6  0.387:(JK
L1  M0.559= P CJKQ
RS
TUU
UUU
V
 (3.9) 
Forced convection: 
Empirical Nusselt number for forced convection can be described as a power-law 
relationship between non-dimensional parameters Reynolds number (:W) and Prandtl 
number, 
6  (:W;=X (3.10) 
Coefficient a, ? and  are determined experimentally for each geometry under the analysis. 
For example, the Nusselt number correlation associated to a cylindrical geometry can be 
written as Dittus-Boelter equation as, 
6  0.023:WY.R=X (3.11) 
For a cylinder ?  0.3 for heating and ?  0.4 for cooling. As described in the natural 
convection, the value of the :W determines whether the flow is laminar or turbulent. Forced 
convection can be seen everywhere in the real world unlike natural convection such as, fluid 
machineries, heavy winds and etc. Heat transfer coefficient   is higher in forced flows unlike 
free flows [80].   
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Radiation: 
Radiation is the heat transfer by emission of electromagnetic waves. Thermal radiation is 
continuously emitted by all matter, whose temperature is above absolute zero and is 
described by Stephen-Boltzman Law as, 
*  Z[\5]  ^ ] (3.12) 
Where, Z-view factor, [-emissivity, \-Stefan-Boltzmann constant and ^ -ambient 
temperature 
3.2.2 Heat transfer analysis of exhaust pipes 
Three main configurations of exhaust piping designs can be commonly found in the literature 
and are, single wall pipe, double wall pipe with insulation and double wall pipe with air-gap 
[81 and 82]. Forced convection heat transfer occurs inside the exhaust pipe (or the tail pipe) 
due to the presence of exhaust flow, conduction heat transfer takes place within the pipes 
and the insulation layers, and natural convection and radiation heat transfer occurs at the 
outer walls of the exhaust pipe as illustrated in Figure 3.7.        
 
Figure 3.7 Exhaust pipe configurations and heat transfer modes (a) Single wall pipe (b) 
Double wall pipe with insulation (c) Double wall pipe with air-gap 
 
Even though, a number of researches have been conducted to develop mathematical models 
[81 and 82] to analyse the heat transfer characteristics of above configurations, none of them 
have analysed the availability loss and temperature profiles in detail, for a given pipe length.  
Comparison was performed for steady state analysis for following pipe geometries. 
1. Single-wall, stainless steel, pipe length-200mm, inner and outer diameters are 50mm 
and 52mm respectively 
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2. Double-wall insulation, stainless steel, pipe length-200mm, inner and outer diameters 
are 50mm and 52mm respectively, insulation (glass wool-0.04W/mK)  thickness 3mm, 
outer pipe thickness 1mm 
3. Double-wall air gap, stainless steel, pipe length-200mm, inner and outer diameters 
are 50mm and 52mm respectively, air-gap thickness 3mm, outer pipe thickness 1mm 
A commercially available Computational Fluid Dynamics (CFD) software, “Star-CCM+ 
6.02.009”, was used to examine the heat transfer characteristics of the exhaust pipes for 
steady state conditions. The mesh files for the CFD program were generated using “hex 
mesh elements” in “Gambit 2.4.6”. Boundary conditions for the models were defined as; 
mass flow rate 0.1kg/s, temperature 700K, ambient temperature 300K, ambient pressure 
1atm and convection coefficient of the ambient air 40W/m2K. Steady flow model with coupled 
energy, coupled flow, K-Epsilon turbulence and Reynolds-Average Navier-Stokes (RANs) 
models were used to simulate the steady state problems.  
Surface average temperature profiles of above exhaust pipe configurations, along the length 
of the pipe, at steady state conditions were obtained and illustrated in Figure 3.8.   
 
 
Figure 3.8 Surface average temperature profiles of exhaust pipes along the pipe length 
 
Available energy at the inlet and outlet for different pipes were calculated and presented in 
the Table 3.1. The highest availability loss was reported for single pipe configuration 
whereas; double-wall pipe with air-gap insulation was identified as the best piping 
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arrangement. However, double-wall pipe with insulation has been the most attractive in 
automotive applications owing to manufacturing feasibility and simplicity of such 
configurations with comparative to double-wall pipe with air-gap configuration. 
Table 3.1 Availability destruction across different exhaust pipe configurations 
Exhaust piping arrangement Availability @ in Availability @ out Availability loss 
Single-wall pipe  14.289kW 13.973kW 0.314kW 
Double-wall pipe with insulation  14.289kW 14.189kW 0.099kW 
Double-wall pipe with air-gap  14.289kW 14.216kW 0.073kW 
Insulation material, insulation thickness and insulation method have to be optimized to 
reduce the initial investment for insulating of the exhaust system. 
3.3 Theoretical analysis of the automotive heat 
recovery systems 
3.3.1 Energy flow analysis through a heat recovery cycle 
Figure 3.9 illustrates the energy flow through a thermal energy recovery system of an engine 
exhaust system. A fraction of waste heat rejected by the exhaust gas is captured by a 
secondary heat engine (thermal energy recovery device) to produce useful shaft work. The 
heat source for the secondary heat engine will be the exhaust gas whereas coolant is 
supplied externally to create a heat sink.     
 
Figure 3.9 Energy flow through an exhaust energy recovery system 
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Maximum work output of the secondary heat engine, 
_`4a,`48a4`4/  41,c;  41,de (3.13) 
Where, -availability of the exhaust flow, _` 48-recovered work, f –heat, -temperature, g? –
fluid in, ) –fluid out,   - hot, h –cold,	W- –exhaust flow and 2old –coolant flows 
If the energy recovery device is reversibly operated between two heat reservoirs 
(fl , l	(?,	fm , m, then the maximum reversible efficiency will be given by the Carnot 
principle of the second law of thermodynamic as, 
no^`;e  1  ml (3.14) 
Where, l  41,c;: 41,de and m  8m/,c;: 8m/,de 
Efficiency, n, of an energy recovery device is constrained by external and internal 
irreversibilities and always found to be n @ no^`;e. Internal irreversibilities take place due to 
fluid and mechanical friction of the fluid machineries, Ohmic losses and Fourier heat transfer 
within the power generating elements of heat engines.  
External irreversibilities mainly take place due to the temperature differences occur between 
the components of the heat engine and heat source and heat sink (or irreversibilities of heat 
exchangers). Temperatures of the infinite thermal capacitance heat sinks and heat sources 
are always remaining as constants and considered to be isothermal heat reservoirs whereas, 
the temperatures of finite heat capacity heat reservoirs (more realistic than the finite thermal 
capacitance heat reservoirs) are not constant. 
The performances of different energy recovery cycles will be discussed in next sections. 
3.3.2 Vapour power or bottoming cycles 
The thermodynamic performance of vapour power cycles is analysed in this section, with the 
aid of a Rankine cycle. Figure 3.10 illustrates the basic components of a simple Rankine 
cycle. The analysis is conducted by assuming the power cycle is operating at steady state 
conditions.          
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Figure 3.10 Simple Rankine cycle 
 
As any other real cycle, the performance of the Rankine cycle also depends on the internal 
and external irreversibilities of the components associated with the cycle. Internal 
irreversibilities are associated with the entropy generation during the expansion and 
compression processes of the working fluid in the turbine and the pump. Pressure drop due 
to fluid friction through the pipes and all other components, also causes to increase the 
entropy generation of the system and hence, increase the internal irreversibilities. External 
irreversibilities mainly arise in hot and cold heat exchangers, due to the finite temperature 
differences between the thermal reservoirs (heat source and heat sink) and the boiler and 
the condenser of the power cycle. Heat transfer between the turbine, pump and ambient also 
increases the external irreversibilities of the power cycle.  
• Performance analysis of the ideal Rankine cycle: 
Figure 3.11 illustrates the temperature-entropy (  ) diagram of an ideal Rankine cycle. 
Ideal cycle operates with two isentropic processes; expansion (1-2) and compression (3-4) in 
the turbine and the pump respectively; and two isobaric processes; heat addition (4-1) and 
heat rejection (2-3) in the boiler and the condenser respectively; and hence is considered as 
an internally reversible cycle.  
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Figure 3.11    diagram of the ideal Rankine cycle 
 
Work and heat transfer through each component of the ideal Rankine cycle can be presented 
as follows, where;  -mass flow rate, _-work,   -enthalpy and  f, *-heat transfer rate.  
Power generated by the turbine (for a reversible adiabatic expansion, where q  0), 
_J  Jr   5r (3.15) 
If the working fluid is heated only to its saturated vapour state (state 11) in the boiler, then the 
turbine blades are likely to sustain damage due to wet steam during the expansion process. 
Therefore, superheated steam needs to be generated with the aim of increasing the quality 
of the steam more than 90% at the end of the expansion. Power generated by superheated 
steam during the reversible adiabatic expansion can be written as, 
_J  J   5 (3.16) 
Heat rejection at the condenser (where s  0),  
ft  5   t (3.17) 
Work done on the pump (reversible adiabatic compression, where q  0),       
_t]5  ]5   t (3.18) 
Heat addition at the boiler (where s  0),   
fJ]5  J   ]5 (3.19) 
  can be considered as a constant if the system is a closed and at steady state; hence, the 
thermal efficiency of the ideal Rankine cycle can be written as,  
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nIdeal	Rankine	CycleNet	work	out	putHeat	in  _J _t]fJ]  1  fc;fde  1   5   t J   ]5 (3.20) 
Back work ratio (=) is defined as the ratio of required pump work to the turbine output work 
and is given by Eq (3.21). Back work ratio of Rankine cycles is very low (<1%) and 
significantly less than that of gas power cycles (40-80%) [76]. 
= 		s=+=g?W		sW=	W?W=()g?  _t]5_J5 (3.21) 
Carnot efficiency of a thermal cycle operating between Xc;	(t and 	J can be written 
as, 
nCarnot	1	-		 Xc;X^1  1	-		 tJ (3.22) 
nIdeal	Rankine	Cycle is less than that of the nCarnot  due to the finite temperature difference 
between the heat source and the working fluid as a result of the external irreversibilities of 
the heat exchanger (or the boiler).  
An analysis of the irreversible Rankine cycle is presented in the next section.       
• Performance analysis of the actual Rankine cycle: 
Figure 3.12 (a) illustrates the deviation of the Rankine cycle from the ideal Rankine cycle, 
when the internal irreversibilities occur in the turbine and pump due to the heat transfer 
between the devices & the surrounding and the fluid frictional losses. Figure 3.12 (b) 
illustrates the actual    diagram of the actual Rankine cycle due to the presence of both 
internal and external irreversibilities. 
  
Figure 3.12     diagram of the Rankine cycle (a) irreversibilities present only in turbine 
and the pump and (b) the actual Rankine cycle 
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The actual turbine and pump work can be derived from the second law of the 
thermodynamics due to the presence of internal irreversibilities as follows. 
Power generated by the turbine, 
_J  J      nt J   5 (3.23) 
Where, the isentropic efficiency of the turbine (nt) is defined as, 
nt   J    J   5 
Work required by the pump, 
_t]  ]   t    ]5   tnp  (3.24) 
Where, the isentropic efficiency of the pump (n3) is defined as, 
np   ]5   t ]   t  
Hence, the thermal efficiency of the Rankine cycle can be written as,  
nRankine	CycleNet	work	out	putHeat	in  _J _t]fJ]  nt J   5 
 ]5   tnp J   ]  (3.25) 
Isentropic efficiencies of present day pumps and turbines are around 75-85%. As a result, 
the nRankine	Cycle  is always less than the nIdeal	Rankine	Cycle . Internal and external irreversibilities 
of all four components of Rankine cycles mainly take place due to the heat losses from the 
working fluid and the fluid friction.  
Thus, the nActual	Rankine	Cycle  is significantly less than nIdeal	Rankine	Cycle..  
As illustrated in the Figure 3.12 (b), the fluid friction causes to the pressure drop in the 
condenser, the boiler and the connecting pipework. Moreover, the boiler and condenser 
irreversibilities are mainly arising from the finite temperature differences between the hot and 
cold heat exchangers. The analysis will be made assuming hot and cold heat exchangers 
have finite heat capacitance because of infinite heat capacitance (isothermal) thermal 
reservoirs are not realistic. Corresponding to the Figure 3.9, heat addition at the boiler and 
heat rejection at the condenser can be written as Eq (3.26) and Eq (3.27) respectively,  
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fJ]   J   ]  !f41,c; f41,de$   4123,41!41,c;  41,de$ 4141!41,de  ` 48,c;$ (3.26) ft      t  !f8m/,de f8m/,c;$   8m/23,8m/!8m/,de  8m/,c;$ 8m/8m/!` 48,de  8m/,de$ (3.27) 
Where, ` 48,c;-average temperature of the boiler, ` 48,de-average temperature of the 
condenser,	-overall heat transfer coefficient of the heat exchangere and -heat transfer 
area of the heat exchanger 
Eq (3.28) and Eq (3.29) can be obtained by solving Eq (3.26) and Eq (3.27) as follows, 
fJ]   4123,41!41,c;  ` 48,c;$ (3.28) ft   8m/23,8m/8!` 48,de  8m/,c;$ (3.29) 
Effectiveness of the boiler (),   0J0 and condenser (2), 8  0J0; when 6 X 8, and 68  X 8,. Where, 6-number of thermal units of heat exchanger and, 23-
specific heat capacity of the fluid.  
Heat addition at the boiler and the heat rejection at the condenser can be enhanced by 
increasing the effectiveness of the heat exchangers as shown in the Eq (3.28) and Eq (3.29). 
Thermal efficiency of an actual Rankine cycle can be written as Eq (3.30). 
nRankine	Cycle  _J _t]fJ] 
 nt J   5    ]5   tnp 4123,41!41,c;  l$  (3.30) 
Efficiency of the vapour power cycles can be enhanced from the techniques which lead to 
increase the average boiler temperature and decrease the average condenser temperature, 
to ultimately enhance the temperature difference between the boiler and the condenser. 
Condenser temperature can be decreased by lowering the condenser pressure below the 
atmospheric pressure, to bring down the saturation condenser temperature. On the other 
hand, the boiler exit temperature can be increased by superheating the steam to elevated 
temperature and by increasing the boiler pressure. There are many other techniques i.e. 
reheat, regeneration, cogeneration, have been used to enhance the overall thermal efficiency 
of the Rankine cycle, which may not be feasible to implement in automotive applications.  
Figure 3.13 illustrates the    diagrams of different organic fluids that can be used as the 
working fluid for a vapour power cycle. As illustrated in the figure, organic fluids can be 
categorized into three groups; i.e. wet (water, R22), isentropic (R11, R245fa), dry (R113, 
isopentane) depending on the slope of the saturation curve. However, dry and isentropic 
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fluids are more favourable for waste heat recovery applications due to many advantages, i.e. 
no need to superheat like water, requires only a single stage expander, turbine becomes 
much durable as the vapour quality at the turbine outlet is greater than 100%, requires only 
the basic components of the Rankine cycle, simple, cost effective and low maintenance. 
   
Figure 3.13    diagrams of the ideal Rankine cycle for different working fluids (a) wet, (b) 
isentropic and (c) dry [83] 
 
Simple Rankine cycle will be modelled using a 1-D engine simulation software GT-Power, to 
understand the performance of a vapour power cycle, which uses R245fa as the working 
fluid, will be discussed in the Section 3.4. 
3.3.3 Vapour absorption systems 
Thermal energy recovered by vapour absorption heat recovery systems may not be directly 
used to enhance the shaft power of the engine. Instead, recovered energy can be used to 
power refrigeration and air conditioning of the particular vehicle compartment by replacing 
the conventional vapour compression systems. Figure 3.14 illustrates the components of a 
simple vapour absorption refrigeration system.    
Ammonia (NH3) works as the working fluid (refrigerant) in an NH3-H2O absorption 
refrigeration system. Waste heat of the exhaust gas (heat source) is supplied to the 
refrigeration cycle at the generator to generate saturated NH3 vapour. Then the thermal 
energy of NH3 vapour has to be rejected at the condenser to produce saturated NH3 liquid 
and lowering the temperature of the refrigerant as illustrated in Figure 3.14. An expansion 
valve is used to reduce the pressure of the liquid NH3. The evaporator is placed in the 
compartment, which must be refrigerated or air-conditioned. Then the liquid NH3 in the 
evaporator absorbs heat and reduce the temperature of the air conditioning compartment. 
The absorber is a mixing chamber uses to mix, cold NH3 vapour exits from the evaporator 
with warm weak NH3 solution coming from the generator. Finally, warm strong NH3 solution 
in the absorber is pumped to the generator by a pump and weak NH3 solution sent back to 
the absorber.         
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1. Saturated NH3 vapour, HP     6.  Warm strong NH3 solution, HP 
2. Saturated NH3 liquid, HP     7.  Hot strong NH3 solution, HP 
3. Cold NH3 liquid and flash vapour, LP     8.  Saturated hot weak NH3 solution, HP 
4. Saturated cold NH3 vapour, LP     9.  Warm weak NH3 solution, HP 
5. Saturated warm-strong NH3 solution, LP   10.  Warm weak NH3 solution, LP 
Figure 3.14  Simple vapour absorption refrigeration cycle 
 
Where, HP-high pressure and LP-low pressure 
The different states of the absorption refrigeration system illustrated in Figure 3.14 can be 
located in a standard NH3-H2O enthalpy-concentration (  2) diagram as demonstrated in 
Figure 3.15.   2 diagrams are used to identify the thermodynamic properties of the NH3-
H2O solution. The states 1, 2, 4, 5 and 8 are considered to be saturated and can be located 
on the h-c diagram easily. The unsaturated states (3, 6, 7, 9 and 10) have to be derived and 
located using saturated states. Both concentration of the strong NH3 solution and the NH3 
mass flow rate depend on the design cooling load of the absorption refrigeration system. 
However, the concentration of the weak NH3 solution depends on the supplied heat flux at 
the generator. LP and HP are carefully selected to obtain the lowest designed temperature of 
the system. 
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Figure 3.15   2 diagram for NH3-H2O absorption refrigeration system [84] 
 
Table 3.2 shows the states 1-10, of a simple vapour absorption refrigeration system 
operating at, 18bar (140°C) generator pressure, 45°C condenser and absorber temperatures, 
140°C generator weak solution temperature and 6.5kg/kg NH3 flow rate of the weak solution; 
can be located in Figure 3.15.  
Table 3.2 Power generation predictions of vapour power cycles for different boundary 
conditions 
Case  (bar)  (˚C) 2 
1 18 140 1.00 
2 18 45 1.00 
3 5 4 1.00 
4 5 4 1.00 
5 5 45 0.35 
6 18 45 0.35 
7 19 96 0.35 
8 18 140 0.27 
9 18 96 0.27 
10 5 96 0.27 
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Mass balance, first law energy balance and the second law entropy balance for each of the 
system components can be expressed as follows. 
Generator: 
S  	J  R 																		for	mixture (3.31) 2SS  2J	J  2RR 					for	NH3 (3.32) f   J	J   RR   SS 					 (3.33) 
4;  JJ  RR  S	S  	f 			 (3.34) 
Condenser: 
J  	 				for	NH3 (3.35) f8   J	J    					 (3.36) 8;/  	  	f88  J	J  (3.37) 
Expansion valve: 
  	t 				for	NH3 (3.38)  	   tt 					 (3.39) 413.a^ma4  t	t  	  (3.40) 
Evaporator: 
t  	] 				for	NH3 (3.41) f4   ]	]   tt 					 (3.42) 4a^3  ]	]  t	t  	f44  (3.43) 
Absorber: 
  	JY  ] 																		for	mixture (3.44) 2  2JY	JY  2]] 					for	NH3 (3.45) f^   JY	JY   ]]    					 (3.46) ^5 	f^^  	  JYJY  ]] 			 (3.47) 
Pump: 
  	K 													for	mixture (3.48) _3dX3   K	K    					 (3.49) 
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3dX3 	K	K    	_33  (3.50) 
Heat Exchanger: 
K  R  	S  C 																					for	mixture (3.51) 2KK  2RR  2SS  2CC 					for	NH3 (3.52)  KK   RR   SS   CC 		 (3.53) 41  S	S  C	C  KK  RR 			 (3.54) 
Expansion valve: 
JY  	C 				for	NH3 (3.55)  JY	JY   CC 					 (3.56) 413.a^ma4  JY	JY  C	C  (3.57) 
Applying the first law of Thermodynamics (or energy balance) for the system, 
f _3 f4  f8f^ (3.58) 
The reversible absorption cycle operates between three isothermal processes (at generator, 
condenser and evaporator heat exchanger) and three adiabatic processes (at pump, 
absorber and expansion of expansion devices). Hence, entropy generation within the each 
component of internally reversible absorption cycle becomes zero. The second law of the 
thermodynamics can be applied for the system by neglecting the pump power, _3 (as it is 
insignificant with compared the heat addition at the generator) as follows, 
f  f44  f88  f^^  (3.59) 
If the absorber and the condenser reject heat to a common heat sink where,  
8  ^   
Then the Eq (3.59) can be modified as, 
ff4  4   4!  $ (3.60) 
9 for an absorption system can be written as, 
9  f4!f_3$ (3.61) 
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9 for an internally reversible absorption system, neglecting the pump power can be written 
as, 
9` 4a  f4f (3.62) 
9` 4a  4 !$4 (3.63) 
Unlike other heat recovery devices, external irreversibilities of the absorption systems are 
more significant than the internal irreversibilities, due to most of the components of the cycle 
being coupled with finite heat capacitance heat exchangers. A simple vapour absorption 
refrigeration cycle in Figure 3.14 can be re-arranged as depicted in Figure 3.16. The 
irreversibility of the system can be analysed assuming it consists of two power cycles such 
that; evaporator-condenser system (heat pump) and generator-absorber system (heat 
engine).  
 
Figure 3.16 Re-arranged simple vapour absorption refrigeration cycle 
 
• Generator-absorber system 
Heat transfer thorough the generator and absorber heat exchangers can be written as, 
f  !f41,c;  f41,de$   4123,41!41,c;  41,de$  4141!41,de  $ (3.64) f^  !f8m/,de  f8m/,c;$   8m/23,8m/!8m/,de  8m/,c;$ 8m/8m/!^  8m/,de$ (3.65) 
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Above equations can be rearranged as, 
f   4123,4141!41,c;  $ (3.66) f^   8m/23,8m/8m/!^  8m/,c;$ (3.67) 
Where, 41  !X 8,$ and 8m/  ####!X #8,#$ 
• Evaporator-condenser system 
Heat transfer thorough the evaporator and condenser heat exchangers can be written as, 
f4  !fm^/,c; fm^/,de$   m^/23,m^/!m^/,c;  m^/,de$ m^/m^/!m^/,de  4$ (3.68) f8  !f8m/J,de  f8m/J,c;$   8m/J23,8m/J!8m/J,de  8m/J,c;$ 8m/J8m/J!8  8m/J,de$ 
(3.69) 
Above equations can be rearranged as, 
f4   m^/23,m^/m^/!m^/,c;  4$ (3.70) f8   8m/J23,8m/J8m/J!8  8m/J,c;$ (3.71) 
Where, m^/  # m^/!X # 8,# $# #  and 8m/J  #¡#¡#¡#¡!X #¡8,#¡$ 
Hence, it can be seen that the performance of the entire absorption cycle depends on the 
effectiveness of the heat exchangers associated with each and every component of the 
refrigeration cycle. 9 of absorption refrigeration systems (0.1-0.2) are inferior to those of 
vapour compression refrigeration systems (3-5) due to the significant irreversibilities 
associated with a number of heat exchangers. However, the cost effectiveness of absorption 
refrigeration systems is much superior than the conventional vapour compression systems.    
3.3.4 Turbo-compounding technology 
The function of the turbocharger can be analysed based on two thermodynamic processes; 
and are, fluid expansion at the turbine and compression at the compressor. These processes 
can be assumed as isentropic or non-isentropic depending on, whether the system operates 
at ideal or actual conditions. Figure 3.17 illustrates a turbocharger, associated with a power 
turbine, and the whole system is referred to as a turbo-compounding system.  
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Figure 3.17 Turbo-compounding assembly 
 
Figure 3.18 illustrates the     diagram for the ideal and actual processes of the turbo-
compounding device illustrated in Figure 3.17. c, 4, c;e, and ^ eX  are defined as, the 
compressor outlet pressure, exhaust port outlet pressure, intermediate pressure between the 
turbine and the power turbine and the atmospheric pressure respectively. Thermodynamics 
processes of the cycle can be described as, 
1-2s  : Isentropic compression at the compressor 
1-2  : Actual compression at the compressor 
3-4s  : Isentropic expansion at the turbine 
3-4  : Actual expansion at the turbine 
4s-5s and 4-6s: Isentropic expansion at the power turbine 
4s-5 and 4-6 : Actual expansion at the power turbine 
 
Figure 3.18    diagram of a turbo-compounding device 
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Turbocharger irreversibilities are mainly due to non-isentropic and non-adiabatic expansion 
and compression at turbines and the compressor respectively (Processes 1-2, 3-4, 4s-5 and 
4-6). Internal irreversibilities are mainly due to fluid frictional losses of the fluid machineries 
and the pipes. Mechanical power developed by the turbine is further lost by frictional losses 
at the bearings and all these are the factors of external irreversibilities of the system. Power 
developed by the ideal and actual turbo-compounding systems are analysed in this study. 
The system will be assumed as an open system throughout the analysis.  
First law of thermodynamics for a fluid experience a negligible kinetic energy (+W  0) and 
potential energy (	W  0) can be written as; 
,*  ,s  ,  (3.72) 
Where,	,* – rate of heat transfer to a system, ,s – power produced by the system and ,  – 
change of enthalpy of the system 
First law energy balance for the compressor can be applied as,  
_8   8, J"5  ,* (3.73) 
,*  0 (heat rejected by the compressor during the compression process), as the system 
operates at reversible adiabatic conditions.  
Eq. (3.73) can be rearranged for a reversible adiabatic compression of the compressor as,   
_c54;,8  ¢  823,8,5J  ¢  8,	5J  (3.74) 
Eq (3.74) can be simplified as, 
_c54;,8   823,85  J (3.75) 
_c54;,8   823,8J£¤ c^ eX¥
¦"J¦  1§ (3.76) 
Where,  8   ^ – compressor inlet mass flow rate,   – enthalpy,	 – specific volume, 23,8 – 
average specific heat of the air during the compression process, -temperature, _8-work 
input to the compressor,	¨-specific heat ratio of air (adiabatic constant) 
Similarly, the first law energy balance for the turbine can be written as, 
_e   e, t"]5  ,* (3.77) 
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,*  0 (heat rejected by the turbine during the expansion process), as the system operates 
at reversible adiabatic conditions.  
Eq. (3.77) can be rearranged for a reversible adiabatic expansion of a turbine as,   
_c54;,e  ¢  e23,e,]5t  ¢  e,	]5t  (3.78) 
Eq (3.78) can be simplified as, 
_c54;,e   e23,et  ]5 (3.79) 
_c54;,e   e23,et£1  ¤c;e4 ¥
¦"J¦ § (3.80) 
Where,  e   ^  © – summation of the air and fuel mass flow rates, 23,e – average 
specific heat of the air during the expansion process, _e-work output by the turbine 
Similarly, the power developed by the power turbine can be expressed as, 
_c54;,3e   e23,3e]5  5 (3.81) 
_c54;,3e   e23,3e]5 £1  ¤^ eXc;e ¥
¦"J¦ § (3.82) 
The network developed by the turbo-compounding system can be written as, 
_;4e  _c54;,3e_c54;,e _c54;,8 (3.83) 
Work input to the compressor can be written as, 
_c54;,8  nX48l_c54;,e (3.84) 
Where, nX48l is the mechanical efficiency of the turbocharger.  
The power developed by the power-turbine is not used to drive the compressor and instead, 
it directly connects with the gear box or can be used to generate electricity to charge the 
battery.  
Compression and expansion processes become non-isentropic processes due to the internal 
irreversibilities occurring in the compressor and the turbine, respectively. Therefore the 
effects of all the internal irreversibilities of the turbine and compressor can be interpreted by 
defining an isentropic efficiency for the each device as, 
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nc54;,8  5  J  J  (3.85) nc54;,e  t  ]t  ]5 (3.86) nc54;,3e  ]5  ]5  5 	=	nc54;,3e  ]  K]  K5	 (3.87) 
Therefore, actual ((2)) work done by the internally irreversible compressor and turbines can 
be written as,  
_^8e,8  _c54;,8nc54;,8  (3.88) _^8e,e  nc54;,e_c54;,e (3.89) _^8e,3e  nc54;,3e_c54;,3e (3.90) 
Therefore, net power developed by the turbo-compounding device can be rewritten as, 
_;4e  _^8e,3e _^8e,e _^8e,8  !nc54;,3e_c54;,3e$  !nc54;,e_c54;,e$  _c54;,8nc54;,8  (3.91) 
Power developed by the turbine and work input to the compressor are lost due to the 
external irreversibilities in the compressor and the turbines. External irreversibilities of the 
turbocharger are mainly due to the external and internal heat transfer of the turbocharger 
system. External heat transfer occurs from all parts of the turbocharger to the surrounding air 
via convection, via radiation to surrounding parts and components and via conduction though 
the connecting pipes, mountings and bearings. In addition, internal heat transfer takes place 
to the lubricant oil of the turbocharger. However, because of the external irreversibilities, 
which is considered as difficult to quantify, reducing the overall performance of the turbo-
compounding device. 
3.3.5 Thermo-electric generation 
Thermo-electric generator is a solid state heat engine, which operates without any moving 
part. A single thermo-couple or a thermoelectric element, the building box of a TEM is 
illustrated Figure 3.19. TEG consists of number of TEMs. TE elements are made of p ((+) 
Seebeck coefficient) and n ((–) Seebeck coefficient) semiconductor materials. p-n legs of a 
TEM are connected thermally in parallel and electrically in series as shown in the figure. 
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Figure 3.19 Thermoelectric element 
 
The thermo-electric effect is observed in a circuit of two dissimilar conductors. The 
temperature difference at the junction results in the development of a potential difference. 
The characteristics of a thermo-electric element refer to three thermo-electric phenomena; 
Seebeck effect, Peltier effect and Thomson effect. As in any other heat engine, internal and 
external irreversibilities take place within the TE system and reduce to decrease the 
efficiency of the TEG. Internal irreversibilities are caused by Joule electrical-resistive losses 
(ªR) and heat conduction losses («"¬) through the semiconductor material between 
the hot and cold junctions. External irreversibilities are caused by the finite heat capacitance 
heat exchangers at the hot and cold reservoirs as discussed in the Section 3.3.2. Internal 
irreversibilities of TE element are discussed in this section and can be analysed as follows. 
‘Seebeck effect’ leads to generate a voltage difference for a given temperature difference in 
a thermo-electric element and, the open circuit voltage can be written as [85],     
,
  ­3,;, (3.92) 
Where, ­3,;- total Seebeck coefficient of the p and n type TE materials, ,- hot and cold side 
temperature difference at the junctions and ,
- open circuit voltage generated by the TE 
couple 
The rate of heat exchange at the hot and cold junctions are defined by the ‘Peltier effect’ and 
is expressed as,  
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f  ®3,;ª (3.93) 
Where, f	- heat transfer rate, ®3,;-Peltier coefficient and ª-current 
‘Thomson effect’ describes the heat generation or absorption of a current carrying conductor 
with a temperature gradient and written as, 
f  ¯3,;ª ,,- (3.94) 
Where, ¯3,;-Thompson coefficient  
Performance analysis of the TE element starts with applying the 1-D energy conservation 
equation for infinitesimal length ,- element in the p-type leg for steady state condition (see 
Figure 3.19), 
,f3  f3-  ,-  f3-  ª=3 (3.95) 
Where, =3 is the internal resistance of the particular infinitesimal length, °3 is the internal 
resistance and 3 is the cross sectional area. 
=3  °33 ,- (3.96) 
Eq (3.97) and Eq (3.98) can be obtained by combining Eq (3.95) and Eq (3.96) by integrating 
it with respect to -;  
f3-  ,-  f3-  ª °33 ,- (3.97) ª °33 -  f3-  9J  0 (3.98) 
Fourier’s law for the p-type leg can be expressed as; 
f3-  +33 ,3-,-  (3.99) 
Where, 
/01/1  is defined as the temperature gradient of the p-type leg and +3 is the thermal 
conduction coefficient of the TE material 
Eq (3.100) can be obtained by combining Eq (3.98) and Eq (3.99); 
ª °33 -  +33 ,3-,-  9J  0 (3.100) 
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And, integrating Eq (3.100) with respect to -;  
ª °33 -2  +333-  9J-  9  0 (3.101) 
9J and 9 can be determined by applying the boundary conditions to Eq (3.100) and Eq 
(3.101), where, 30  l and 37  8. 
9  +33l (3.102) 
9J  +33 l  m7  ª°33 72 (3.103) 
When -  7,  total internal resistance :3 and the thermal conductance of the p-type leg can 
be written as;	:3  ²¬   and 3  ³¬  
f30 and f37 are determined from Eq (3.98), when -  0	and -  7 respectively as; 
f30  3l  m  12 ª:3 (3.104) f37  3l  m  12 ª:3 (3.105) 
Expressions for f;0 and f;7 can be obtained applying the same method described 
above. 
f;0  ;l  m  12 ª:; (3.106) f;7  ;l  m  12 ª:; (3.107) 
Energy conservation equations for the entire TE device can be written as; 
f0  f30  f;0  l  m  12 ª: (3.108) f7  f37  f;7  l  m  12 ª: (3.109) 
Where,   3  ; and :  :3  :; 
At the hot junction, where  0 , 0  l, heat absorbed by the TE device due to Peltier 
effect. Then, the energy conservation equation at -  0 can be modified as; 
fl  ­lª  f0 (3.110) 
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Similarly, at the cold junction, where -  7 and  7  m and heat is rejected by the TE 
device due to Peltier effect and hence, the energy conservation equation at -  7 can be 
modified as; 
f8  ­8ª  f0 (3.111) 
Where, ­ is defined as the Seebeck coefficient of the TE couple and expressed as; 
­  ­3  ­; 
Eq (3.110) and Eq (3.111) can be modified considering all the phenomena discussed above 
as follows; 
fl  ­lª  l  m  12 ª: (3.112) f8  ­8ª  l  m  12 ª: (3.113) 
Power output from the TE couple can be obtained by applying the first law energy balance to 
the device, 
  fl  f8 (3.114)   ­ªl  m  ª: (3.115) 
The conversion efficiency of the TE device can be expressed as, 
n  fl f8fl  fl  ­ªl  m  ª:­lª  l  m  12 ª: (3.116) 
Maximum power generated by the TE couple can be obtained by differentiating Eq (3.115), 
w.r.t. :m^/, where 
  ª:  :m^/.  
:m^/  : ; when   X^1 
Therefore, X^1	and n at X^1	can be respectively written as, 
X^1  ª:m^/  ­∆4:  (3.117) 
n  ∆M3l2  82  4P 
1M32  82l  4lP
l  8l  µn8^`;e (3.118) 
Where thermo-electric figure of merit ;  
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  ­: (3.119) 
If the total internal resistance :  ° m; where, °  °3  °;, h  h3  h; and   3  ;, then 
Eq (3.117) can be rearranged as,  
X^1  ­∆4° h  ­° ¤∆2 ¥ h  (3.120) 
According to Eq (3.120), X^1 can be increased by increasing the leg area and decreasing 
the leg length. 
Similarly, maximum efficiency of the TE couple can be obtained by differentiating Eq (3.116), 
w.r.t. :m^/, where 
  ª:  :m^/, and nX^1	and  at nX^1	can be respectively written as, 
:m^/  :¶1  ^ a ; when n  nX^1 
  ­∆¶1 ^ a!1  ¶1  ^ a$: (3.121) 
nX^1  · ¶1  ^ a  1¶1  ^ a  M8lP¸
l  8l  µn8^`;e (3.122) 
Where, ^ a  0¹0 ;  
If the heat flow components associated with ‘internal Ohmic heat generation’ and ‘Fourier 
heat conduction’ are assumed to be zero, then the conversion efficiency Eq (3.116) can be 
re-arranged as, 
n  ­ªl  m  ª:º»Y­lª  l  m¼½½¾½½¿»Y  12 ª:À»Y
 ­ªl  m­lª  l  ml  no^`;e (3.123) 
It can be seen that Eq (3.123) eventually reduced to the well-known Carnot efficiency.  The 
analysis implies that the Joule heat generation due to internal resistance of the TE couple 
and the Fourier conduction taking place within the TE device, directly reduce the useful 
power output and the conversion efficiency of the TE device and, can be considered as 
internal irreversible processes.  
The external irreversibilities of a heat recovery device depend on the heat capacity and 
thermal conductance’s (J and  in Figure 3.19) of hot and cold heat reservoirs. In TE 
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generation, the hot and the cold junctions of the TEM are in contact with a hot compartment 
and a cold compartment of the TEG heat exchanger. The maximum power generation and 
the efficiency of the TEG depend on the effectiveness of the heat transfer across the heat 
exchanger. Reducing the external irreversibilities of heat exchangers by enhancing the heat 
transfer rates is crucial in thermal energy recovery.   
The maximum power output and the conversion efficiency of a TEM also depend upon the 
cross sectional area of thermo-elements, p-n leg thickness of an element as shown above by 
Eq (3.120). Moreover, the power generation of the TEM depends on the thickness of the 
insulating ceramic layers and the number of TE elements in a module [86]. Performance of 
the similar TEMs, varies depending on the quality of the manufacturing process i.e. selection 
of the p-n junction contact materials, formation of the contact junction during fabrication, and 
the thermal and electrical resistance at the p-n junctions. 
3.4 Performance comparison of power cycles 
Performance comparison of three different energy recovery systems was performed using 
the modelling facility available in 1-D engine simulation software, GT-Power. The modelling 
work was performed to understand the steady state performance of energy recovery 
systems, for real exhaust gas boundary conditions generated by a validated 1-D engine 
simulation model developed to represent a Caterpillar 6.6litre heavy-duty diesel engine, 
which will be described in Chapter 6.  
3.4.1 Vapour power cycle 
Power generation predictions by an ideal vapour power cycle were studied for different 
boundary conditions of the heat exchange and turbo-machineries and, are demonstrated in 
the Table 3.3. All calculations were performed assuming the R245fa as the working fluid of 
the vapour power cycle. Heat addition required at the boiler, heat rejection needed at the 
condenser, required working fluid flow rate (R245fa), required pump work and thermal 
efficiency of the vapour power cycle were calculated to generate 10kW power at the 
expansion device of the cycle. Six different cases were formulated to calculate the above 
figures, by varying the degree of super heat of the working fluid at the boiler exit, pressure 
ratio (lcl/m) of the expansion device and the efficiency of the turbine (while keeping the 
efficiency of the pump as a constant). Case 1 was studied for the simple vapour power cycle, 
which has only four basic components; boiler, turbine, condenser and pump as illustrated in 
the Figure 3.10. Calculations of the Case 2-Case 6 were performed for a modified vapour 
power cycle associated with an additional heat exchanger (recuperator) and a receiver (at 
the upstream of the pump) as illustrated in the Figure 3.20, with the aim of increasing the 
overall thermal efficiency of the vapour power cycle. The recuperator is used to recover the 
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heat available in the working fluid after the expansion process by utilizing the recovered heat 
to preheat the working fluid before supplying to the boiler. The receiver is used to supply only 
the liquid phase of working fluid to the pump to assure the safety of the device. 
Table 3.3 Power generation predictions of vapour power cycles for different boundary 
conditions 
Case 
Superhe
at at 
boiler (K) 
lcl 
(bar) 
m 
(bar) 
ned`  
 
n3dX3  
 
fcm4` 
(kW) 
f8;/ 
(kW) 
 `4© 
(kg/s) 
_3dX3
 (kW) 
nel4`X 
(%) 
1 60 15 2.5 0.8 0.8 87.870 78.765 0.292 0.391 11.38 
2 60 15 2.5 0.8 0.8 67.801 53.176 0.292 0.391 14.75 
3 10 15 2.5 0.8 0.8 78.723 65.056 0.358 0.478 12.70 
4 60 15 1.0 0.8 0.8 55.221 38.583 0.196 0.251 18.11 
5 60 15 2.5 1.0 0.8 59.454 42.540 0.233 0.312 16.82 
6 100 15 1.0 0.8 0.8 36.060 21.864 0.111 0.142 27.73 
Case 1 and Case 2 support the view that by, implementing the recuperator, the thermal 
efficiency of the vapour power cycle is improved through reducing the heat addition at the 
boiler and the heat rejection at the condenser. As a result, the boiler and the condenser of 
the vapour power cycle can be down sized as well. Overall thermal efficiency of the vapour 
power cycle can be significantly increased by increasing the degree of superheat at the boiler 
(Case 2 and Case 3), increasing the pressure ratio of the expansion device (Case 2 and 
Case 4) and increasing the turbine efficiency (Case 2 and Case 5). Increasing the degree of 
superheat at the boiler and the pressure ratio of the expansion device leads to a significant 
improvement in the thermal efficiency of the vapour power cycle while significantly reducing 
the heat transfer at the boiler. 
Figure 3.20 illustrates the vapour power cycle modelled in GT-Power. Heat exchanger 
parameters of the boiler, recuperator and condenser were designed by referring a heavy duty 
diesel engine EGR cooler. ‘ReceiverDryerRefrig’ object was used to define the receiver 
whereas; ‘ExFlowDescretized’ was used to define the boiler, recuperator and condenser of 
the system.  
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Figure 3.20 Vapour power cycle modelled in GT-Power 
 
Power generation predictions of the vapour power cycle were made for different exhaust gas 
boundary conditions of the engine. Twelve steady state test points were used to represent 
the 12 modes of the 13 mode test cycle. Engine operation conditions and the respective 
exhaust gas characteristics (mass flow rate and the post turbine temperature) are shown in 
the Table 3.4.   
Table 3.4 1-D modelling results of vapour power cycles 
Engine operation 
conditions 
Exhaust gas 
characteristics 
Vapour power cycle energy recovery 
 
64 
(rpm) 
Á4 	
 (Nm) 
 
(kW) 
  
(kg/s) 
35e,ed` 
(K) 
	
(kW) 
f  
(kW) 
f8  
(kW) 
=3 e (kW) n  (%) 
1 1175 523 64 0.090 766 46.309 36.535 26.237 2.93 2.536 6.94 
2 1550 449 73 0.116 630 42.291 32.237 25.874 3.72 2.578 8.00 
3 1550 677 110 0.168 641 63.025 42.340 31.638 4.72 3.965 9.36 
4 1175 271 33 0.062 647 23.779 20.425 16.884 2.48 1.117 5.47 
5 1175 398 49 0.078 716 35.691 31.305 25.871 3.73 2.582 8.25 
6 1175 139 17 0.054 536 13.937 12.251 9.167 1.73 0.412 3.36 
7 1550 796 129 0.194 640 72.541 49.398 43.354 6.81 7.431 15.04 
8 1550 234 38 0.077 565 22.582 19.108 16.324 2.39 1.025 5.37 
9 1925 722 145 0.219 622 77.781 51.155 43.227 6.95 7.603 14.86 
10 1925 189 38 0.090 554 25.157 21.247 17.702 2.64 1.272 5.99 
11 1925 540 109 0.177 613 60.765 43.808 39.953 5.15 4.974 11.35 
12 1925 362 73 0.127 603 42.236 31.263 26.005 3.61 2.468 7.89 
Where,64-engine speed, Á4-engine torque, -brake power,	 -mass flow rate,	35e,ed`-post 
turbo temperature, -Availability, f-heat transfer to boiler, =3-pressure ratio,	f8-heat 
rejection from condenser, 	e-power generated by the turbine and n-efficiency 
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Results obtained from the modelling work shows that the maximum of 7.6kW of energy could 
be recovered from the main exhaust stream of the engine by employing a vapour power heat 
recovery system. 
3.4.2 Turbo-compounding device 
Figure 3.21 illustrates the section of the exhaust and intake systems of the engine model of 
the Caterpillar 6.6litre engine. As shown in the figure, the power turbine of the turbo-
compounding device can be located after the turbine of the turbocharger and, recovered 
energy redirected to the engine via shaft and gear objects.  
 
Figure 3.21 Turbo-compounding device modelled using GT-Power  
 
However, the engine was not originally designed to equip a power turbine after the 
turbocharger. Therefore, the turbocharger must be re-matched for the engine. For instance, 
engine performance will deteriorate if the selected turbines and the compressor have not 
been matched for the engine operation conditions.  
A series of manual calculations were performed during this exercise to predict the energy 
recovery by the power turbine. Table 3.5 shows, twelve steady state engine operation 
conditions, respective exhaust gas characteristics including the compressor work required by 
the engine to maintain the required boost pressure in the inlet manifold. Energy recovery by 
the power turbine after the turbocharger was calculated according to the following steps. 
• Assuming that the actual work developed by turbine (1) equals to the work consumed 
by the compressor  _0d`c;4	J,^8ed^m  _oX3`455`,^8ed^m 
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• Isentropic work developed by turbine (1) can be found by assuming it has a 80% 
isentropic efficiency  
_0d`c;4	J,c54;e`3c8  _0d`c;4	J,^8ed^mnc54;,0d`c;4	J  
• Outlet pressure of turbine (1) was calculated and it was assumed to be the inlet 
pressure for the power turbine  
	  	J 1  _c54;,e e23,eJ
¦¦"J
 
• The actual work developed by the power turbine can be calculated by assuming the 
exhaust gas expands to the atmospheric pressure after the expansion process of the 
power turbine and it has an 80% isentropic efficiency. The actual work developed by 
the power turbine can be calculated by Eq (3.82) and Eq (3.90) 
Table 3.5 1-D modelling results of turbo-compounding devices 
Engine operation conditions Exhaust gas characteristics 
Turbo-compounding energy 
recovery 
Mode 
64 
(rpm) 
Á4 	
 (Nm) 
 
(kW) 
  
(kg/s) 
	ed`J,c; 
(bar) 
3`4,ed`J
(K) 
8  
(kW) 
0J,c54; 
(kW) 
	ed`J,de 
(bar) 
ed`,c54;
 (kW) 
1 1175 523 64 0.090 1.350 779 3.86 4.826 1.054 0.831 
2 1550 449 73 0.116 1.460 670 5.39 6.737 1.066 1.066 
3 1550 677 110 0.168 1.877 707 13.38 16.721 1.109 2.519 
4 1175 271 33 0.062 1.159 655 1.03 1.284 1.037 0.336 
5 1175 398 49 0.078 1.254 721 2.30 2.869 1.045 0.564 
6 1175 139 17 0.054 1.110 543 0.42 0.521 1.042 0.272 
7 1550 796 129 0.194 2.113 721 18.70 23.381 1.120 3.175 
8 1550 234 38 0.077 1.207 587 1.47 1.843 1.045 0.439 
9 1925 722 145 0.219 2.361 724 24.45 30.563 1.126 3.634 
10 1925 189 38 0.090 1.260 567 1.99 2.483 1.059 0.655 
11 1925 540 109 0.177 1.929 688 14.20 17.749 1.115 2.669 
12 1925 362 73 0.127 1.512 644 6.04 7.546 1.078 1.307 
Where, 	ed`J,c;-pressure in turbine 1, 3`4,ed`J-pre turbine 1 temperature, 8-compressor 
power, 0J,c54;-isentropic power of turbine 1, 	ed`J,de-pressure out turbine 1 and ed`,c54;-
isentropic power of turbine 2 
According to the Table 3.5, it can be seen that the significant amount of energy (0.25-
3.63kW) can be recovered after the turbocharger, if the both turbines of the turbo-
compounding system can be operated at very high isentropic efficiencies. Moreover, it can 
be further concluded that by using efficient compressors, the overall efficiency of the turbo-
compounding device can also be significantly increased. However, it can be seen that the 
pressure ratios of the 2nd turbine is very low and hence, requires a special turbine which can 
operate efficiently at very low pressure ratios.  
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3.4.3 Thermo-electric generators 
The basis for this modelling exercise is the single-layer plate-fin TEG (Figure 3.22), modelled 
in the Section 6.4 which was designed to accommodate for 8 TEMs. The single-layer plate-
fin TEG model was converted to a multi-layer plate-fin TEG, by increasing the number of fin 
layers in the TEG (3 layers) as illustrated in the Figure 3.23, and accommodating 24 TEMs. 
 
Figure 3.22 A TEG fin layer (sub assembly) modelled in GT-Power  
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Figure 3.23 Thermo-electric generator modelled in GT-Power 
 
The Seebeck coefficient of the TE material and the total module resistance of a TEM were 
defined as  Â 1	and 0.15Ω respectively, for all the simulation cases shown in the Table 
3.6. Power generation by the multi-layer plate-fin TEG for 12 different steady state engine 
operation conditions were predicted and shown in the table. 
 Table 3.6 1-D modelling results of thermoelectric generation systems 
Engine operation conditions 
Exhaust gas 
characteristics 
TEG energy recovery 
Mode 
64 
(rpm) 
Á4 	
 (Nm) 
 
(kW) 
  
(kg/s) 
	
(kW) 
35e,ed` 
(K) 
35e,0ÃÄ
T (K) 
f0ÃÄ  
(kW) 
0ÃÄ  
(kW) 
n 
(%) 
1 1175 523 64 0.090 46.309 766 627 14.263 0.614 4.30 
2 1550 449 73 0.116 42.291 630 550 10.306 0.339 3.29 
3 1550 677 110 0.168 63.025 641 578 11.175 0.393 3.51 
4 1175 271 33 0.062 23.779 647 511 9.377 0.288 3.07 
5 1175 398 49 0.078 35.691 716 578 12.173 0.462 3.80 
6 1175 139 17 0.054 13.937 536 435 5.956 0.123 2.07 
7 1550 796 129 0.194 72.541 640 583 11.257 0.398 3.53 
8 1550 234 38 0.077 22.582 565 477 7.485 0.188 2.51 
9 1925 722 145 0.219 77.781 622 571 10.678 0.361 3.38 
10 1925 189 38 0.090 25.157 554 478 7.426 0.185 2.49 
11 1925 540 109 0.177 60.765 613 557 10.228 0.334 3.26 
12 1925 362 73 0.127 42.236 603 534 9.534 0.293 3.08 
Where, 35e,0ÃÄ-temperature after the TEG, f0ÃÄ-heat transfer through TEG and 0ÃÄ-power 
generated by the TEG 
According to the results obtained by the GT-Power model, it can be seen that the multi-layer 
plate-fin TEG, equipped with 24 TEMs is able to recover a maximum of 615W during the 
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entire engine operation conditions. Having looked at the temperatures of the exhaust gas 
after the TEG and initial availability of the exhaust gas in each case, it can be seen that more 
energy is available in the exhaust gas still to be recovered after the TEG. In order to enhance 
the energy recovery, the number of TEMs in the TEG would need to be increased. 
3.4.4 Performance comparison of heat recovery systems 
Energy recovered by a vapour power cycle, turbo-compounding device and a thermo-electric 
generator, located in the main exhaust stream of a Caterpillar 6.6litre engine were studied 
using a 1-D code as explained above. Table 3.7 illustrates the summary of the modelling 
results of each energy recovery system for the similar engine operation conditions. 
Table 3.7 Performance comparison of energy recovery systems 
Engine operation conditions Exhaust gas characteristics Energy recovery 
Mode 
64 
(rpm) 
Á4 	
 (Nm) 
 
(kW) 
  
(kg/s) 
	ed`J,c; 
(bar) 
3`4,ed`  
(K) 
35e,ed` 
 (K) 
Å^;³c;4 
(kW) 
0ÃÄ  
(kW) 
08 
(kW) 
1 1175 523 64 0.090 1.350 779 766 2.536 0.614 0.831 
2 1550 449 73 0.116 1.460 670 630 2.578 0.339 1.066 
3 1550 677 110 0.168 1.877 707 641 3.965 0.393 2.519 
4 1175 271 33 0.062 1.159 655 647 1.117 0.288 0.336 
5 1175 398 49 0.078 1.254 721 716 2.582 0.462 0.564 
6 1175 139 17 0.054 1.110 543 536 0.412 0.123 0.272 
7 1550 796 129 0.194 2.113 721 640 7.431 0.398 3.175 
8 1550 234 38 0.077 1.207 587 565 1.025 0.188 0.439 
9 1925 722 145 0.219 2.361 724 622 7.603 0.361 3.634 
10 1925 189 38 0.090 1.260 567 554 1.272 0.185 0.655 
11 1925 540 109 0.177 1.929 688 613 4.974 0.334 2.669 
12 1925 362 73 0.127 1.512 644 603 2.468 0.293 1.307 
As shown in the Table 3.7, vapour power cycle recovers a significant amount of energy than 
the turbo-compounding devices and the TEG devices. As discussed in the Chapter 2, vapour 
power cycles can be integrated with engine coolant to preheat the working fluid, which will be 
eventually results in significantly enhance the overall thermal efficiency of the engine. 
However, due to the number of heat exchangers and turbo-machines involved in the system, 
the vapour power cycle becomes complex, bulky and requires more control strategies 
integrated into the engine control unit (ECU) of the engine. If the weight penalty is very 
significant, vapour power cycles would be more desirable to install in heavy duty and medium 
duty vehicle applications rather than the light duty vehicle applications. 
On the other hand, turbo-compounding devices mainly recover the kinetic energy of the 
exhaust gas. Therefore, the turbocharger and the power turbine needs to be specifically 
matched for an engine to obtain the required boost pressure for a given engine operation 
condition. Overall engine performance of the engine will significantly deteriorate if an un-
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matched power turbine was installed after the turbine of the turbocharger, due to the 
increased back pressure generated by the turbine. Having proposed efficient turbo-machines 
with a VGT capability, a substantial amount of energy can be recovered from the turbo-
compounding devices as shown in Table 3.7. Even though, the turbochargers are commonly 
used in both light duty and heavy duty applications of CI and SI engine, turbo-compounding 
devices are only used in CI heavy duty engines. 
Solid state TEGs have been identified as the simplest energy recovery devices those can be 
easily adapted to the existing exhaust systems of both SI and CI engines. The rated power of 
the TEG can be easily improved by increasing the number of TEMs in the device. Moreover, 
the efficiency of the TEG system can be significantly increased by augmenting the heat 
transfer rate across the TEG heat exchanger and utilizing more efficient thermo-electric 
materials, which promise the ability to recover similar amount of energy as vapour power 
cycles. Results shown in Table 3.7 reveal that, a significant amount of energy can be easily 
recovered by implementing a simple TEG heat exchanger device in the exhaust system, 
unlike the vapour power cycles and turbo-compounding devices.  
As the complexity of the IC engines increases day by day to meet the CO2 taxation and 
stringent emission regulations, it will be more beneficial to use a very simple energy recovery 
device such that TEG. Performance enhancement of TEG energy recovery systems will be 
comprehensively studied in the next chapters of the thesis, due to the excellent potential of 
energy recovery using those devices.   
3.5 Summary 
The available energy flows in different power-trains were studied and it was found that, a 
significant amount of fuel energy is rejected to the environment. New concepts such as 
thermal barrier coatings have been investigated in the engine community to reduce the heat 
rejected to the cooling system and to enhance the availability of the exhaust gas. Energy 
recovery from exhaust gas has been identified as more promising than the energy recovery 
from the cooling system. 
It was identified that, by implementing advance insulation techniques, the availability loss of 
the exhaust system can be significantly reduced. Moreover, it was found that double wall 
pipe with air-gap insulation exhaust pipe configuration can significantly reduce the availability 
loss of the exhaust gas compared to the single-wall exhaust pipe configuration. 
Theoretical investigation of different components of the main energy recovery systems were 
analysed and found that the internal and external irreversibilities associated with those power 
cycles, significantly diminishes the overall thermal efficiency.  
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Finally, a vapour power cycle, turbo-compounding device and thermo-electric generator were 
modeled in a 1-D software code, to compare the performance of main energy recovery 
systems that can be used in automobile applications. It was found that the vapour power 
cycles are capable of recovering more energy for the similar exhaust gas characteristics 
compared with the turbo-compounding devices and TEGs. However, when considering the 
complexity, weight penalty and controllability of the systems, TEGs have been identified as 
the most promising energy recovery system when compared to vapour power and turbo-
compounding devices. Therefore, a comprehensive study of the TEG systems will be 
performed in the remainder of the thesis to identify the performance parameters of TEG 
systems and how they may be enhanced. 
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4 
4 Performance analysis of the Phase 1 
Thermo-Electric Generator  
As discussed in Chapter 2 and Chapter 3, thermo-electric generation (TEG) has been 
identified as an attractive thermal energy recovery method in automobile applications. 
Different investigations have been performed over the last three decades to characterize and 
enhance the performance of TEG systems. However, not a single study has been carried out 
to completely and critically evaluate the TEG systems in terms of, enhancing heat transfer 
performance, back pressure development & adverse effect to the engine performance and 
economical analysis of the TEG systems installed in internal combustion engine (ICE) 
applications. This chapter will address each of these issues considering the theoretical 
aspects of TEG performance.  
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4.1 Theoretical analysis of the heat transfer of TEG 
Thermal energy in the exhaust gas needs to be effectively captured by the TEG, otherwise 
lost, energy from the exhaust system of an automobile. Thus, TEG has to be designed as an 
efficient heat exchanger with a simple geometry to easily adapt to the existing exhaust 
system while minimizing the back pressure across the device. Heat transfer and pressure 
drop characteristics of heat exchangers depend on both heat exchanger geometry and the 
fluid flow properties. The design of the heat exchanger was initiated with the study and 
analysis of heat transfer fundamentals (discussed in Section 3.2.1), boundary layer 
behaviour, heat transfer augmentation techniques and back pressure characteristics. The 
aim was to develop a theoretical model to support the analysis of TEG performance.  
4.1.1 Boundary layer development and heat transfer  
The rate of heat transfer between a solid body and a liquid or a gaseous flow depends on the 
fluid flow characteristics on the solid surface. Determination of the heat transfer coefficient 
and the temperature distribution of the flow become complex when viscous effect are taken 
into account, as they must be in this application.  
In most applications, the influence of fluid viscosity is confined to an extremely thin region 
very close to the solid surface, known as the velocity boundary layer (. Here, the usual 
practice is to assume the fluid particles immediately adjacent to the solid surface are at rest 
relative to the body within this region. In the velocity boundary layer, the fluid velocity 
changes from its free stream velocity to zero at the surface. Velocity profiles of laminar and 
turbulent flow in a circular pipe is demonstrated in Figure 4.1. 
 
 
 
 
Figure 4.1 Velocity profile for isothermal (a) laminar flow and (b) turbulent flow in a pipe [83] 
 
Where, -velocity, -radius of the pipe, -mean and -velocity boundary layer thickness  
When there is a heat transfer between the fluid and the surface it is also found that in most 
practical applications, the major temperature and concentration changes occur in a region 
very close to the solid surface. The influence of thermal conductivity and the mass diffusivity 
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is confined within this small region and, the thermal resistance to heat transfer between the 
fluid and the surface found to be high. It is known as the thermal boundary layer		 or the 
concentration boundary layer 
 depending on the quantity of interest. Outside the thermal 
boundary layer region, the flow is essentially non-conducting and non-diffusing and hence, 
convection heat transfer is dominant. Figure 4.2 illustrates the development of thermal 
boundary layer for a laminar flow in a tube.  
 
Figure 4.2 Thermal boundary layer for laminar flow in a pipe [87] 
 
Where, -entry temperature,	-mean temperature, -wall temperature, -heat transfer 
area, -thermal conductivity of the fluid, -convection coefficient, -heat transfer and -
thermal boundary layer 
The thermal boundary layer may be smaller, larger or same size as the velocity boundary 
layer, depending on the thermo-physical properties of the fluid in the fluid stream. In the 
turbulent boundary layer, the eddy diffusivities are much higher than the molecular 
diffusivities and increase the fluid mixing. As a result of this phenomenon, the surface shear 
stresses become much larger in turbulent flows than in laminar flows. Consequently, the 
turbulent velocity profile is significantly steeper near the solid wall than the laminar velocity 
profile and hence, pressure drops in turbulent flow are significantly higher than that of 
laminar flow. In addition, temperature or concentration gradient at the surface is considerably 
higher and hence, the heat transfer rate and exchange of mass across the flow are much 
larger in turbulent flow than in laminar flows.  
The thermal boundary layer or the fluid film near the solid surface, determines the thermal 
resistance to heat transfer from the fluid to the solid surface. The thinner the thermal 
boundary layer, the larger the heat transfer coefficient,	, and the smaller the thermal 
resistance, ; as expressed in Eq (4.1), where the  refers to conduction coefficient of the 
fluid (where,   ) 
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  	 (4.1) 
Dependence of pressure drop (∆) and heat transfer coefficient on the mean flow velocity () 
for fully developed and developing laminar and turbulent internal flow in a constant cross 
section-circular duct are given below in Table 4.1. It can be seen that the pressure drop and 
heat transfer of a turbulent flow is always greater than in laminar flow irrespective of the 
boundary layer developments of flows. 
Table 4.1 Pressure drop and heat transfer characteristics of different internal flows in a 
constant cross section duct [87, pg-509] 
Flow type 
∆ ∝   ∝  
Laminar Turbulent Laminar Turbulent 
Fully developed flow  .  ! !.  
Hydro dynamically developing flow ." .  - - 
Thermally developing flow   .  .  /$ !.  
Simultaneously developing flow ." .  /% !.  
The friction factor (&), Nusselt number ('  Convective	heat	transfer	coefficientConductive	heat	transfer	coefficient) and the heat transfer 
coefficient () are highest at the pipe inlet, as the thickness of the boundary layers are zero 
and, decreases gradually to the fully developed values as illustrated in Figure 4.3. Therefore, 
the pressure drop and the heat flux are higher in the entry region of a tube and the effect of 
the entry region always enhances the average friction and heat transfer coefficient for the 
entire tube. This enhancement is significant for short tubes but negligible for long ones. The 
friction factor and the heat transfer coefficient remain constant for fully developed turbulent 
flows.  
 
Figure 4.3 Variation of the friction factor and the convection heat transfer coefficient in the 
flow direction for flow in a tube (Pr>1) 
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It was found that the fluids with Prandtl number (7  Viscous	diffusion	rateThermal	diffusion	rate, 7>0.5, in the fully 
turbulent region, the turbulent mixing is dominant over the molecular diffusion and, fluids with 
7>5, the viscous sub layer is dominant over the turbulent mixing. As this thin viscous layer 
causes an increase in the thermal resistance of the fluids with 7>0.5; the destruction, 
separation or the thinning of this sub layer will improve the heat transfer rate while amplifying 
the skin friction of the solid surface. However, the augmentation of the heat transfer by 
increasing the turbulence will increase the pressure drop of the flow and the required 
pumping power. Hence, the heat exchanger geometry needs to be optimized to minimize the 
pressure drop and, to maximize the heat transfer rate across the device. 
Power generation of the TEG increases when increasing the heat transfer rate through the 
TEG. Heat transfer rate can be improved by varying the geometrical parameters of the TEG 
heat exchanger. However, un-optimized heat exchangers may leads to increase the heat 
transfer rate as well as the back pressure of the exhaust flow, which will eventually lead to 
deteriorate the overall engine efficiency in spite of recovering more energy from the exhaust 
flow, as illustrated in Figure 4.4. 
 
Figure 4.4 Relationship between the engine efficiency, fuel economy and TEG power vs TEG 
heat transfer rate/pressure drop, for constant engine outputs (constant 
speed/torque) 
 
Therefore, the design parameters (i.e. number of thermo-electric modules, length and heat 
transfer augmentation methods) of the TEG heat exchanger have to be optimized in order to 
achieve the maximum fuel economy benefits from the engine. Effect of the energy recovery 
enhancement from a TEG was also included in the fuel economy curve of Figure 4.4.  
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4.1.2 Analysis of the heat exchanger pressure drop 
Analysis of the back pressure development by the TEG heat exchanger will be followed by 
explaining the importance of the back pressure analysis for automobile applications. 
4.1.2.1 Analysis of the back pressure developed by the components of the engine 
exhaust system 
Exhaust gas produced by the engine needs to be removed during the exhaust stroke through 
the exhaust system. To accomplish this, the engine needs to utilize the energy of the burnt 
gas. To meet the stringent emission regulations, a typical automobile exhaust system 
comprises of number of exhaust after treatment devices i.e. a 2-way/3-way catalytic 
converter (CAT), a diesel particulate filter (DPF), exhaust gas recirculation (EGR) or selective 
catalytic reduction (SCR) systems, a resonator and a muffler as illustrated in Figure 2.4. Fluid 
pressure drop increases when the exhaust gas flows through these devices and hence, the 
required pumping power also increases. The effect of the exhaust back pressure is to 
increase with speed and load and in spark ignition engines in particular leads to a reduction 
in performance.   
A DPF contributes to 30-40% of the total exhaust system pressure drop. Typically, pressure 
drop developed by a monolithic-DPF varies from 1kPa-12kPa and 9kPa-40kPa when it is 
cleaned and fully loaded with particulate matter (PM) respectively. These values may vary 
depending on the filter geometry. Segmented DPFs generate higher pressure drop than 
monolithic DPFs by up to 30% for clean cases and up to 35% when loaded with PM [88].  
Depending on system design and power train operating condition, approximately 30% of the 
total exhaust system pressure loss occurs in the catalytic converter. Catalytic converter 
pressure drop consists of sources including both the in-out cone and the monolithic brick. 
Overall pressure loss across a catalytic converter was measured in a 3.8litre V6 engine and 
it was found to vary from 2kPa-10kPa with the engine speed over the range 2000rpm-
5000rpm [89]. The muffler and resonator contribute to the major fraction of the overall 
pressure drop about 50-60% of the total exhaust pressure drop after the turbine. It is 
reported that the back pressure developed by a modern automobile mufflers is about 16kPa 
[90].   
An engine dynamometer test was carried out [91] on a modified Ford 351-4V Cleveland V8 
engine, to investigate the influence of back pressure development on a road car engine 
performance. It was shown that the 10.4kPa back pressure increment reduced the peak 
torque by 4% and the peak power by 5% while a 17.3kPa back pressure increment 
decreased the peak load and peak power by 7%.  
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A TEG can be located in the exhaust system downstream of the turbo-charger, DPF and the 
catalytic converter or in the HP/LP EGR system. Adding it to the exhaust system can cause 
an increase the total back pressure of the exhaust system and hence, deterioration of the 
overall engine performance may be expected. Thus, it is essential to analyse the overall TEG 
performance by predicting the output power, as well as the increment of exhaust back 
pressure.  
4.1.2.2 Theoretical analysis of the heat exchanger pressure drop 
Determination of pressure drop across a heat exchanger or a pipe is essential in order to 
estimate the fluid pumping power, as the pumping power is directly proportional to the 
pressure drop as given in Eq (4.2). Moreover, it has a direct relationship with the heat 
transfer rate, operation, size and mechanical characteristics of the heat exchanger [87]. 
7  = ∆> 
= ∆
?>  (4.2) 
Where, 7-pumping power,	∆-pressure drop, 	= -volume flow rate, >-pump efficiency, = -
mass flow rate and ?-fluid density       
Pressure loss in the heat exchangers and pipes are associated with two major effects and 
are, core or matrix pressure drop and pressure drop at ‘inlet/outlet headers’. Ideally, most of 
the pressure drop is associated with the core of the heat exchanger whilst the pressure drop 
at inlet/outlet headers becomes insignificant. Fluid flow behaviour and pressure drop 
characteristics of a pipe are depicted in Figure 4.5.  
 
Figure 4.5 Pressure drop components associated with a single passage of a heat 
exchanger/pipe [87] 
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A general expression for the total pressure drop of a heat exchanger is given by Eq (4.3) 
∆  ∆@AB	CBDC@ E ∆@AB	 F ∆@AB	GH  ∆I% E ∆%I$	 F ∆$IJ (4.3) 
Core pressure drop consists of two components; the pressure loss caused by the fluid friction 
(both drag and skin) and the pressure change due to the momentum rate change in the core. 
Core entrance pressure drop also consists of two contributions: (1) the pressure drop due to 
the flow area change; and (2) the pressure drop associated with free expansion that follows 
sudden contraction. Similarly, core exit pressure drop can also be analysed as two 
components: (1) the pressure rise due to the flow area change and (2) the pressure loss 
associated with the free expansion and momentum change at the pipe outlet. Analysing all 
pressure drop contributions, total core pressure drop in a heat exchanger can be expressed 
as Eq (4.4) in general and the magnitude and distribution of losses can be varied depending 
upon the heat exchanger type and the geometry.       
Δ
L 
?%
2?AL
N
OO
OO
P
1 F R% E S@TUUUVUUUW
entrance	effect
E 2X?H?A F 1YTUUVUUW
momentum	effect
E & Z ?H X
1
?YTUUUVUUUW
core	frictionTUUUUUUUUVUUUUUUUUW
core	loss
F 1 F R% F S ?H?ATUUUUVUUUUW
exit	effect \
]]
]]
^
 (4.4) 
Where, L- initial pressure, ?, ?H, ?A-mean, inlet and outlet fluid density, -mean fluid 
velocity, R  _,`_,a 
free	flow	area
frontal	area , S@ 	and	S-contraction and expansion losses  
S@  &R, c,S  &R, c, c-Reynolds number 	c  def
gh , 	and	i-hydraulic radius 
and diameter   
gJ , friction factor &  &j, i, c, j –surface roughness and k-dynamic 
viscosity of the fluid 
The Fanning friction factor generally depends on the c and the flow-cross section of the 
device. But in turbulent flows, it is dependent on the surface roughness of the pipe whereas, 
in laminar flow it is independent from the surface roughness.  
Pressure drop across a constant cross section pipe is mainly due to the wall friction and the 
core pressure drop and hence, can be calculated by Eq (4.5) which is derived from equation 
Eq (4.4) as follows, 
∆  & 4Zi
?%
2  (4.5) 
Eq (4.5) can be approximated in different forms. One such form is given in Eq (4.6), 
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Δ m & 4Zi
?%
2? 
k
2?
4Z
i%
=
A &. c (4.6) 
Where, Z-length of the pipe  
Fluid flows in a pipe also experience sudden contraction and expansion at the inlet and exit 
of the pipe. Pressure drop coefficients due to sudden expansion in a pipe can be expressed 
by Eq (4.7) referred to as the Borda-Carnot Equation, and at sudden contraction in a pipe is 
given by Eq (4.8),   
S  1 F R% (4.7) 
S@  0.51 F R (4.8) 
Pressure drop due to sudden contraction and expansion in a pipe inlet and exit can be 
determined from Eq (4.9) and Eq (4.10) respectively,  
∆@ACBD@HAC	  S@ ?HH
%
2  (4.9) 
∆GDCpHAC	  S ?AA
%
2  (4.10) 
The pressure drop created by a heat exchanger depends on its geometry and, can be given 
by Eq (4.11),  
∆ ∝ ZA%i
 (4.11) 
Among similar heat exchanger geometries those have same frontal area and length, the 
extended surface heat exchangers creates larger pressure drops and enhanced heat 
transfers than those of plain surface heat exchangers. It was also found that the core 
pressure drop is dominant and the combined effect of the entrance and exit pressure drops 
are insignificant in those heat exchangers. Therefore, heat transfer rates and pressure drops 
are significantly greater in aggressive heat exchangers such as plate-fin heat exchangers 
when compared with open pipe heat exchangers.  
According to the above analysis, the pressure drop across a heat exchanger or a pipe 
increases with increasing the fluid flow rate, length and the internal surface roughness, and 
decreasing the diameter of the pipe. Therefore, high heat transfer performance needs to be 
maintained by accurately selecting the geometrical parameters of the heat exchanger. The 
effect of backpressure development within the TEG has to be analysed while selecting the 
internal pipe profile of the TEG to enhance the heat transfer across it, as described in 
Section 4.2.3. The above analysis encourages a deeper analysis of the pressure drop 
 Chapter 4: Performance analysis of the Phase 1 Thermo-Electric Generator 
 
Loughborough University 89 
 
characteristics of the TEG and its influence on the overall engine performance. The analysis 
will be continued and discussed in the next section. 
4.2 Modelling of Phase 1 TEG heat exchanger 
An open pipe TEG heat exchanger was designed to help develop an understanding of the 
heat transfer and the electricity generation characteristics of a TEG device. The modelling 
program is explained in this section. 
4.2.1 Modelling of the Open pipe TEG heat exchanger  
Heat transfer across the TEG and the energy flow directions of hot and cold fluids are 
illustrated in Figure 4.6. 
 
Figure 4.6 Heat transfer across the TEG  
 
Heat transfer in a real TEG involves: ‘convection’ in hot & cold fluids and ‘conduction’ across 
the separating walls. Ceramic wafers which have high thermal conduction coefficients and 
excellent electrical insulation properties are used at the hot and cold surfaces of the TEMs to 
electrically isolate the TEMs from the other metal parts of the TEG. Moreover, thermal 
grease is applied between the hot and cold surfaces of the TEMs, ceramic wafers and hot 
and cold heat exchanger walls to increase the heat transfer between the irregular wall 
surfaces and to minimize the thermal resistances due to imperfect thermal contacts and 
infinitesimal air gaps. The heat transfer mechanism across the TEM is solely due to 
conduction. Electrical energy generated by the TEM due to the Seebeck effect is transferred 
using an external electrical circuit and unused thermal energy is rejected at the cold side of 
the TEM. There it is transferred to the coolant and removed from the cooling system by 
means of convection. The hot gas compartment and the coolant compartment materials are 
assumed as stainless steel (S.S) and Aluminum (Al) respectively. Different TE materials 
were used in the analysis. 
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Heat transfer, back pressure effects and power generation characteristics of the TEG need to 
be investigated for different TEM and heat exchanger materials and, for different fluid 
boundary conditions, as explained in Section 4.3 in order to maximize the TEG performance. 
The performance of the open pipe TEG, illustrates in Figure 4.7 and Figure 4.8, was 
analysed at steady conditions using commercially available CFD software, ‘FLUENT 6.3.26’. 
The CFD mesh was generated in ‘GAMBIT 2.4.6’. The open pipe was designed with an 
internally corrugated surface in the hot gas flow passage and, hence a fine mesh was used 
to accurately calculate the boundary layer effects at the surface.  
 
Figure 4.7 Open pipe TEG heat exchanger – Exploded view 
 
This open pipe TEG is considered as the bench mark TEG heat exchanger design against 
which subsequent designs are compared in this study.  
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Figure 4.8 Internal cross section of the open pipe TEG 
 
The TEG was analysed for a number of different simulation cases as defined in the Table 4.2 
with the aim of identifying the heat transfer characteristics for different boundary conditions. 
The solutions were obtained for different inlet temperatures and mass flow rates of different 
hot and cold fluids. The exhaust gas boundary conditions were chosen base on the space-
filling design of experimental method, analysing the engine operation conditions and the 
thermal stability of the thermoelectric modules at elevated temperatures. Convective 
boundary conditions were defined for all outer surfaces and, the temperature and convection 
coefficients were assumed as 300K and 10W/m2K respectively. The TEG was designed to 
accommodate 16 TEMs altogether and having 4 TEMs per each hot surface.  
Table 4.2 Summary of cases and the respective boundary conditions – Fluid flow conditions 
Case G,qDp (K) = G,qDp (kgs-1) @AArDC (K) = @AArDC (kgs-1) 
Without turbulent body 
1 600 0.15 280 0.16 
2 700 0.20 280 0.16 
3 600 0.20 280 0.16 
4 700 0.20 290 0.16 
The maximum power generation by a TEM was defined as a function of hot and cold surface 
temperatures of the TEM as expressed in the Eq (4.12). Geometrical and thermo-physical 
parameters of TE modules were obtained from Hi-Z TEM specification data sheets [92] and 
the average s of the TE material is around 0.5. The TEM specifications are available in 
appendix A.  
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D	zHC{
 F @% 
(4.12) 
Where, 7DG – maximum power,  – voltage, H – internal resistance of the TEM, u, uC – 
Seebeck coefficients of p and n TE materials, ' – number of thermocouples in the TEM, 
,  – internal resistance of p and n TE leg,  , @ – hot and cold surface temperatures of 
the TEM respectively 
Moreover, the performance of the TEG was analysed by varying the hot compartment 
material of the heat exchanger.  The analysed materials and boundary conditions are given 
in the Table 4.3. 
Table 4.3 Summary of cases and the respective boundary conditions - heat exchanger 
materials 
Case G,qDp (K) = G,qDp (kgs-1) @AArDC (K) = @AArDC (kgs-1) 
Stainless steel (S.S) 700 0.2 280 0.16 
Brass  700 0.2 280 0.16 
Aluminium (Al) 700 0.2 280 0.16 
Reynolds Averaged Navier-Stokes (RANS) based steady state simulation was performed 
using ‘Fluent’. Mass averaged finite volume equation for continuity, momentum and energy 
(Eq (4.13) to Eq (4.18)) were simultaneously solved with standard  F j turbulence model. 
Boundary layer effects were simulated using standard wall functions. Pressure based implicit 
solvers were used with appropriate relaxation factors. Absolute convergence criterion was 
used to solve the problem and residuals were set as 10-6 for energy, 10-4 for continuity, k, 
epsilon and velocity components. Second order upwind iteration scheme was used aiming 
more accurate results [93].  
Mass |?
|} E ~?  0 (4.13) 
x-momentum |?
|} E ~?  F
|
| E ~k E G (4.14) 
y-momentum |?
|} E ~?  F
|
| E ~k E  (4.15) 
z-momentum |?
|} E ~?  F
|
| E ~k E  (4.16) 
Internal energy |?
|} E ~?  F	~	 E ~ E Φ E H (4.17) 
Equations of state   ?, 	~	  ?, ; for a perfect gas,   ? and 
   
(4.18) 
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Where, ?-density, }-time, -velocity vector, -time averaged axial velocity component in x 
direction, - time averaged axial velocity component in y direction, - time averaged axial 
velocity component in z direction,	k-molecular viscosity, -momentum source, Φ-energy 
dissipation, H-internal energy source, -pressure, -temperature, -universal gas constant, 
-specific heat capacity at constant volume 
The simulation results obtained from the above simulations are discussed in the next section. 
4.2.2 Open pipe TEG heat exchanger modelling results 
This section is dedicated to the analysis of the modelling results of the above explained open 
pipe TEG model. Power generation by the TEG (with 16 TEMS) for different boundary 
conditions as defined in the Table 4.2, are illustrated in the Figure 4.9.  
 
Figure 4.9 Power generated by the TEG for respective boundary conditions 
 
By comparing the Case 1 and Case 3, it can be seen that the TEG power generation 
increases by 29% when the hot gas flow increases from 0.15kgs-1-0.20kgs-1. Moreover, 76% 
increment of power generation can be observed when increasing the hot flow temperature 
from 600K to 700K according to Case 2 and Case 3. Conversely, 5% power reduction is 
resulted when the coolant temperature increases from 280K to 290K.  
Figure 4.10 shows the variation of the hot surface temperature profiles of TEMs, along the 
centreline of the TEG for different simulation cases. The results show that the hot surface 
temperatures of the TEMs decrease along the flow direction and, a significant temperature 
gradient on the TEG hot surface can be observed as a result. As a consequence of the 
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electricity generation in the TEMs and, the conduction heat transfer takes place from hot gas 
to coolant in the TEG; the average temperature of the hot gas along the TEG eventually 
decreases. Accordingly, the surface temperatures of the TEMs decrease along the flow 
direction as observed in the figure.     
 
 
Figure 4.10 TEM hot surface temperature profiles for different cases 
 
The pressure drop across the TEG was also obtained for different cases and illustrated in 
Figure 4.11. According to the heat exchanger pressure drop theory discussed in the Section 
4.1.2, the open pipe heat exchangers do not create large back pressures across the device. 
As the back pressure is directly proportional to the fluid flow rate (mass or velocity); the Case 
1 which simply has the lower gas flow rate than the Case 2, shows a smaller back pressure 
than that of the Case 2, Case 3 and Case 4. 
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Figure 4.11 Pressure drop across the TEG for respective boundary conditions 
 
Inlet and outlet temperatures of the hot gases are illustrated in Figure 4.12. Results show 
that the temperature decrements of the hot gas owing to energy recovery are around 13.7K, 
14.5K, 11.58K and 14.86K for Case 1, Case 2, Case 3 and Case 4 respectively.  
 
Figure 4.12 Inlet and outlet temperature profiles of the hot gas along the centreline of the 
TEG for respective boundary conditions 
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Small temperature changes between inlet and outlet of the hot gas stream, demonstrates 
that this open pipe design is not appropriate for heat recovery applications as there is 
significantly more available energy in the hot gas. Conversely, the pressure drop across this 
open pipe TEG device is negligible with comparative to other exhaust after treatment 
devices. From these results there is a clear need for augmentation of heat transfer. 
An analysis has been performed to investigate for different heat transfer augmentation 
techniques in Section 4.2.3. 
All above simulations were performed assuming the hot-gas compartment is made out of 
S.S, because of its excellent strength and stability over a wide temperature range and 
corrosion resistance; make it promising for high temperature heat recovery applications. 
However, the conductive coefficient of S.S is significantly less than Al. Predictions for TEG 
power generation was obtained for Aluminium, Brass and S.S., in order to find out the best 
material to fabricate the hot-gas compartments of the TEG. Fluid boundary conditions were 
defined similar to Case 1-Table 4.2. Table 4.4 shows the thermo physical properties of the 
candidate materials and the obtained results are illustrated in Figure 4.13. 
Table 4.4 Thermal properties of heat exchanger materials 
 Material Boiling point (˚C) Thermal conductivity (W/mK) Density (kg/m3) 
1 Aluminium 660 202 2719 
2 Brass 940 109 8500 
3 S.S. 1600 16 8030 
 
 
 
Figure 4.13 TEG Power generation for different hot-compartment materials 
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It can be seen that the TEG generates greater power when the hot-compartment material 
has higher thermal conduction coefficients. In the above analysis, power generation by the 
Aluminium TEG is much higher than that of the S.S TEG with a 12% increment of the power 
generation. However; not only thermal conduction coefficients, but also other thermal 
properties of the material needs to be matched with the application of the TEG, while 
selecting the hot-gas compartment material. For example, gasoline engines generally 
operate at much high temperatures than diesel engines and the exhaust gas temperature 
may be as high as 1100K depending on operating conditions. Also in heavy duty diesel 
engines, temperature of the high pressure EGR gas could rise up to 900K. As a 
consequence the design of the hot side components of the TEG needs careful consideration 
from the point of view of materials and the design of the heat exchange device itself.  
The mass of the TEG increases with the density of the heat exchanger material and, due to 
the weight penalty, overall vehicle performance will decrease. Reference to Table 4.4 and 
Figure 4.13, Aluminium has the lowest density and highest conduction coefficient and hence, 
could recover more energy and is able to fabricate the lowest weight TEGs in comparison to 
S.S. Because of its low melting point, it is not the best material to fabricate the hot-gas 
compartment of the TEG for automotive application and as a consequence, S.S. needs to be 
used on the hot side of the TEG. The cost of the material also plays a major role when the 
TEG enters mass production for the automotive market and, expensive materials like brass 
may results in too high unit TEG cost and that may not be realistic for bulk production.  
Therefore, economic and feasibility analysis of the TEG system is carried out in Section 4.4 
to investigate the economic viability of TEGs in automotive applications.  
4.2.3 Heat transfer enhancement of the open pipe TEG 
Power generation by a TEM can be improved by increasing the TEM hot and cold surface 
temperature difference as given in the Eq (4.12). Hence, the conversion efficiency of the 
generator can be improved by enhancing the heat transfer performance of the TEG. 
Sachdeva [94] stated that the effectiveness of tubular and plain-plate type heat exchangers 
are usually  below 60% and the surface area to volume ratio is always less than 700m2/m3. 
However, plate-fin heat exchangers are more efficient than that of plain heat exchangers and 
the surface area to volume is around 5900 m2/m3 depending on the fin density, fin thickness 
and fin height and is found to be more aggressive heat exchangers.  
There are number of different heat transfer augmentation techniques available in the 
literature such as; extended surfaces, rough surfaces, displaced enhancement devices, swirl 
flow devices, coiled tubes (electrostatic fields), treated surfaces, surface tension devices, 
suction, injection, surface vibration, fluid vibration and etc [94]. It was decided to design the 
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TEG as an internally finned tube heat exchanger, amongst other augmentation methods, 
considering the adaptability to the existing exhaust system, design feasibility and the cost of 
production. Heat exchanger geometry has to be optimized in order to obtain the highest heat 
transfer across the TEG, while achieving the minimum pressure drop across the device to 
prevent deterioration of the overall engine performance due to the increased back pressure 
developed by the exhaust system. During this study, the geometrical parameters of the heat 
exchanger proposed in Section 4.2.1 were slightly varied to identify the best open-pipe heat 
exchanger geometry. 
Eight control factors (Table 4.5) including geometrical parameters, can be identified when 
optimizing the internally finned tube heat exchangers and they are; fin profile, fin length, fin 
thickness, number of fins, inner wall thickness, length of the heat exchanger, turbulent device 
and flow directions of the hot and cold fluids. Longitudinal fin profile was assumed for all the 
cases.  
Table 4.5 Different control factors of the tube heat exchangers optimization analysis 
 Control factor Levels 
1 Fin profile 6 cross sections (1,2,3,4,5,6) 
2 Fin length 4 fin lengths (3mm,5mm,7mm,10mm) 
3 Fin thickness 4 fin thicknesses (1.5mm,3mm,5mm,7mm) 
4 Number of fins 4 fin no: (10, 15, 20, 25) 
5 Inner wall thickness 4 wall thicknesses (1mm,3mm,5mm,7mm) 
6 Length of the heat exchanger 3 lengths (100mm, 300mm, 500mm) 
7 Turbulent device 2 types (with and without turbulent device) 
8 Flow direction of hot/cold fluids 2 types (parallel, counter) 
The analysis was performed for steady state conditions using ‘FLUENT’. Different mesh files 
were generated in ‘GAMBIT’ for each simulation. The hot gas inlet mass flow rate and the 
temperature were defined as 0.2kgs-1 and 700K respectively and, all outer surfaces were 
defined as convective boundaries having 10Wm-2 and 300K.  
TEG performance for different fin profiles were examined while keeping all the other 
parameters i.e. fin length, fin thickness, number of fins and the length of the heat exchanger 
are as constants. Analysed fin profiles are illustrated in Figure 4.14. 
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Figure 4.14  Pipe cross sections for different fin profiles 
 
According to Figure 4.15, it can be seen that the Type 5 fin configuration generates the 
highest power, while developing the minimum pressure drop as its’ fin cross section has the 
highest inner area for the hot gas flow and the smoothest fin profile among all the other 
types. Thus, it can be concluded that the performance of the TEG can be increased by 
increasing the cross sectional area of the hot pipe. By comparing Type 3 and Type 4, it can 
be further noted that, the pressure drop across the hot-pipe significantly increases when fin 
profiles have sharp edges due to increased flow separation and turbulence of the flow. When 
selecting the optimum fin geometry, sharp fin profiles have to be eliminated to create the 
minimum pressure drop across the pipe while increasing the heat transfer area to enhance 
the heat transfer rate across the device.  
Figure 4.15 (a) TEG pressure drop and (b) power generation for different fin profiles 
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Figure 4.16 illustrates the simulated fin cross sections that have different fin lengths. As the 
fin length, fin thickness and number of fins on the flow cross section of the heat exchanger 
can be easily defined for square cross section fins, fin profile Type 2 in Figure 4.14 was used 
as the bench-mark fin profile for all the analysis in Section 4.2.3. As explained above, all 
other parameters were kept unchanged while changing the fin length in the following 
analysis.   
 
Figure 4.16 Pipe cross sections for different fin lengths 
 
As depicted in the Figure 4.17, TEG power generation increases with increasing the fin 
lengths due to the enhanced heat transfer area and reduced flow area, which due to higher 
c results in higher convection coefficients. Fin profiles with increased fin lengths 
dramatically increase the pressure drop due to the decreased flow area. Simulation results 
show that the increment of the pressure drop is much higher than that of the gain of power 
generation. Therefore, fin length has to be carefully chosen to optimize the heat transfer rate 
and the pressure drop across the TEG. The results can be further confirmed by the well-
known ‘Reynolds analogy’, which implies that the pressure drop causes by the momentum 
transfer directly proportional to the convection heat transfer coefficient or the heat transfer 
rate. 
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Figure 4.17 (a) TEG pressure drop and (b) power generation for different fin lengths 
 
Analysis was performed to obtain the TEG performance for different fin thicknesses as 
illustrated in the Figure 4.18.  
 
Figure 4.18 Pipe cross sections for different fin thicknesses 
 
According to the Figure 4.19, it can be seen that unnecessary increases in fin thicknesses 
eventually reduce the cross section area of the pipe and decrease the heat transfer area and 
the flow area. 
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Figure 4.19 Relationship between the flow area and the fin thickness of the heat exchanger 
 
As depicted in Figure 4.20, TEG power generation increases with increasing fin thickness up 
to a certain value and then due to the reduced flow area, the overall heat transfer rate rapidly 
decreases. While increasing the fin thickness, the pressure drop across the pipe continues to 
increase due to the progressive reduction in flow area. 
  
Figure 4.20 (a) TEG pressure drop and (b) power generation for different fin thicknesses 
 
Simulations were performed by increasing the number of fins in the open pipe heat 
exchanger as depicted in Figure 4.21.  
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Figure 4.21 Pipe cross sections for different number of fins 
 
Power generation by the TEG increases when increasing the number of fins in the hot pipe 
due to the increased heat transfer area as depicted in the Figure 4.22. In addition, the 
pressure drop across the pipe increases due to decreased flow area and the turbulence 
resulting from boundary layer separation from the solid surface. The number of fins has to be 
selected carefully by considering optimisation using a cost function so as not to compromise 
the heat transfer rate and the pressure drop across the device.    
  
Figure 4.22 (a) TEG pressure drop and (b) power generation for different number of fins 
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Heat transfer rate across the TEG was analysed by varying the inner wall thickness of the 
heat exchanger pipe as illustrated in Figure 4.23. Cross sectional area becomes smaller 
while increasing the fin thickness for a constant number of fins. 
 
Figure 4.23 Pipe cross sections for different inner wall thicknesses 
 
According to Figure 4.24, TEG power generation decreases with increasing the wall 
thicknesses due to increased resistance for heat transfer. On the other hand, reduced inner 
wall thickness, increases the pressure drop across the pipe. Hence, in order to enhance the 
TEG power generation, wall thickness of the hot compartment should be minimized as much 
as possible. 
 
Figure 4.24 TEG pressure drop and power generation for different inner wall thicknesses 
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The next phase of investigation included the use of a turbulence generating device. TEG 
power generation and the pressure drop across the device were analysed with and without a 
turbulent device as illustrated in Figure 4.25. It was expected to increases the turbulence 
characteristics of the flow by inserting a turbulent device into the hot gas flow.  
 
Figure 4.25 Pipe cross sections with and without turbulent device 
 
Power generation and the pressure drop across the TEG heat exchanger increases with the 
inclusion of the turbulence device as shown in Figure 4.26. Optimum geometry for the 
turbulent device has to be selected that represents a compromise between the fabrication 
feasibility, heat transfer and pressure drop characteristics across the device.   
  
Figure 4.26 (a)TEG pressure drop and (b) power generation for with and without turbulent 
device 
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enhanced heat transfer area. Moreover, the pressure drop across the device is also 
increased as described by the pressure drop relationship in Eq (4.11). 
 
Figure 4.27 TEG pressure drop and power generation for different lengths 
 
Heat transfer across the TEG heat exchanger takes place from hot-gas in the hot-gas 
compartment to the coolant in the coolant compartment. The heat transfer across the heat 
exchanger depends on the hot and cold fluids’ respective flow directions. During the analysis, 
the flow direction of the coolant was changed. As illustrated in Figure 4.28, it can be seen 
that the power generation by a counter flow (where two fluids flow in opposite directions) 
heat exchanger is much higher than that of the parallel flow (where both fluids flow in same 
direction) heat exchanger. The pressure drop across the hot-gas, 130Pa, was unchanged in 
both cases. Therefore, the TEG heat exchanger should be designed as a counter flow heat 
exchanger to enhance the power generation without creating a damaging pressure drop 
across the device.  
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Figure 4.28 TEG power generation for parallel flow and counter flow heat exchangers 
 
According to the above analysis, it can be noted that the heat exchanger geometry has to be 
carefully designed to maximize the heat transfer across the pipe while reducing the pressure 
drop, to reduce the pump work needed to drive the hot-gas through the TEG. Increased 
pressure drop in the TEG, could adversely affect the overall efficiency of the engine. All of 
the above heat transfer augmentation methods do not boost the TEG generation without 
other costs and, as a consequence further investigations are required.  
The next section includes an analysis of the back pressure (or the pressure drop) created by 
the TEG and its effect on the overall engine efficiency. 
4.2.4 TEG back pressure and engine performance  
As explained in Section 4.1.2, the overall pressure drops in the exhaust system increases 
when adding additional components to the exhaust system. Back pressure development and 
the adverse effect on overall engine performance by the newly installed device needs to be 
calculated as the increased back pressure could harm the overall engine performance as 
described in Section 4.1.2, rather than producing an overall improvement, measured for 
example through cycle efficiency.  
A commercially available 1-D engine simulation software, GT-Power, was used to simulate 
the test engine used in the experimental program, to analyse the effect of back pressure 
development by the TEG and its influence on the overall engine performance. The 1-D 
software model was capable of producing accurate engine models while maintaining a 
relatively low level of complexity and computational demand.  
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A light duty, 4 cylinder, naturally aspirated SI gasoline engine (Ford Sigma), which was used 
for the experimental program, is modelled in GT-Power as explained below. The exhaust 
system of the engine consists of a catalytic converter and a muffler. Table 4.6 shows the 
specifications of the simulated test engine. 
Table 4.6 Ford-Sigma gasoline engine specifications 
Displacement 1388cc approx 
Architecture I4 
Fuel  Gasoline 
Peak Power 67kW @ 5500rpm 
Peak Torque 125Nm @ 4500rpm 
Bore 76mm 
Stroke 76.5mm 
Compression Ratio 11:1 
A/F Stoichiometric ratio 14.53 
The GT-Power SI engine model consists of a combustion sub model, a heat transfer sub 
model, and a fluid flow sub model. The combustion model ‘SIWiebe’ was used to define the 
injection system, cylinder geometry, valve lift and valve timing. The heat transfer flow model 
‘WoschniGT’ was used to define heat transfer characteristics of the flow component in the 
engine model. The results of extensive experimental investigations were used to calibrate 
and validate the engine model for steady state condition. Muffler and the catalytic converter 
were not simulated as functional units. Instead, the pressure loss across these components 
was taken from engine user manuals and published data and, the values were defined as 
‘PrLossConn object’ or ‘pressure loss connection object’ in GT-Power model. The 
‘PrLossConn object’ facilitates to define the static pressure drop across a device as a 
function of the fluid flow rate. Figure 4.29 illustrates the GT-Power engine simulation model, 
including the TEG ‘PrLossConn’. The developed engine model, without having the TEG 
‘PrLossConn’, was validated with the real test engine cases as shown in the Table 4.7. 
During this study, SI engine experiments were not performed for high BMEPs to avoid 
damage to the TEMs at high exhaust gas temperatures.    
Table 4.7 Test conditions 
Speed (rpm) Targeted BMEP (bar) 
Test 1 1500 1.00 
Test 2 1500 2.62 
Test 3 2000 2.00 
Test 4 2000 4.00 
Test 5 2500 1.00 
Test 6 2500 2.62 
Test 7 2500 5.50 
Test 8 3000 4.00 
Test 9 4000 5.50 
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Figure 4.29 GT-Power model of a gasoline engine 
 
The GT-Power engine model was validated against the real test engine data and it was 
found that the model predictions and the actual engine performance agree to within 10% 
accuracy as illustrated in Figure 4.30 and Figure 4.31.   
  
Figure 4.30 Model validation (a) BMEP and (b) brake power 
0.0
10.0
20.0
30.0
40.0
50.0
60.0
70.0
1 2 3 4 5 6 7 8 9
B
ra
k
e
 T
o
rq
u
e
 (
N
m
) 
Test number 
Test Model
0.0
5.0
10.0
15.0
20.0
25.0
30.0
1 2 3 4 5 6 7 8 9
B
ra
k
e
 P
o
w
e
r 
(k
W
) 
Test number 
Test Model
 Chapter 4: Performance analysis of the Phase 1 Thermo-Electric Generator 
 
Loughborough University 110 
 
  
Figure 4.31 Model validation (a) Brake torque and (b) Maximum cylinder pressure 
 
A ‘PrLossConn object’ was added to the engine model as shown in Figure 4.29, to represent 
the TEGs’ pressure loss. The pressure loss function was obtained as a function of hot-gas 
mass flow rate using the 3-D TEG model (Figure 4.7) as described in Section 4.1.2. The 
geometrical information of the TEG wasn’t defined in this object and it only used the given 
pressure information to calculate the resulting engine performance.  
4.2.5 TEG-Engine GT-Power simulation results 
As described in the Section 4.2.4, the pressure loss across the TEG was determined from 
the CFD simulations and, was defined in the GT-Power engine model. The simulation results 
obtained by the program are illustrated in the Figure 4.32. 
  
Figure 4.32 (a) Engine efficiency and (b) BMEP 
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Results obtained by the engine model, for the TEG geometry illustrated in Figure 4.8, show 
that the back pressure developed by the open pipe TEG is insignificant and have negligible 
effect on the overall engine performance. However, the heat transfer enhancement method 
and then the TEG geometry has to be carefully selected, to maximize the power generation 
and to minimize the pressure drop across the device. Optimization of the heat exchanger 
geometry is vital, to obtain the best fuel economy benefit from the TEG without deteriorating 
the overall engine performance as explained by Figure 4.4.  
4.3 Different open pipe TEG architectures 
Power generation from different open pipe TEGs were analysed and explain in this section. 
The cross sections of the hot-gas compartment of the TEGs were kept constant and the 
number of surfaces of each TEGs were varied. The analysis is carried out to identify the best 
TEG structure to suit with the existing TE materials. 
4.3.1 Introduction to models 
Figure 4.33 shows the square, hexagon and octagon open pipe TEG structures used for the 
study. As described above, the cross sections of the TEG hot-gas compartments were kept 
constant. According to the TEG cross sections, the number of faces of the TEGs, sizes of the 
TEMs and eventually the number of thermocouples of the TEMs varies.  
   
Figure 4.33 TEGs having (a) square (b) hexagon and (c) octagon cross sections 
 
Dimensions and the number of thermocouples (TC) of the square-TEG are higher than that 
of hexagon and octagon TEGs. Number of TEMs per surface is 3, 6 and 8, and the total 
number of required TEMs are 12, 36 and 64 for square, hexagon and octagon TEGs 
respectively. HZ-14 (appendix A) TEM properties were used as the benchmark TEMs. The 
number of thermocouples for the different modules was extrapolated based on the standard 
modules parameters. Table 4.8 illustrates the TEM parameters and the boundary conditions 
for the TEG simulations. 
Number of TCs/TEM for Case TC-1 was calculated according to the following relation; 
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Number of TCs/TEM of Hexagon and Octagon TEGs for the Case TC-2 was calculated 
according to the following relation to obtain the power generation predictions by increasing 
the TC density per module; 
X YwDp		wI%  1.5 ∗ X

YwDp		wI 
Table 4.8 TEGs geometrical data and boundary conditions 
Square Hexagon Octagon 
Dimensions of the TEMs (mm3) 87*87*5 50*50*5 36*36*5 
Total modules 3*4 6*6 8*8 
Number of thermocouples/TEM : Case 
TC-1 (calculated extrapolating HZ-14) 
87 29 16 
TEM constant to calculate the power (Eq 
(4.12)) : Case TC-1 
44.3 17.4 13.7 
Number of thermocouples/TEM : Case 
TC-2 (calculated arbitrary) 
87 44 24 
TEM constant to calculate the power (Eq 
(4.12)) : Case TC-2 
44.3 39.1 29.6 
The power constant of a TEM (Eq (4.12)) can be increased by enhancing the Seebeck 
coefficient and reducing the resistivity of the TE material. Therefore, the power constant is 
possible to increment without increasing the number of thermocouples while using efficient 
TE materials. TEM power constants of cases TC-1 and TC-2 were selected assuming for 
different TE materials. 
The hot gas inlet mass flow rate and the temperature were defined as 0.144kg/s and 607K 
respectively and similarly, the coolant inlet mass flow rate and the temperature were defined 
as 0.4kg/s and 300K respectively. All the surfaces were defined as convective boundary 
conditions having the temperature and convection coefficients of 300K and 10Wm-2 
respectively. The TEGs were simulated as cross-flow heat exchangers in “Star-CCM+ 
6.02.009”. 
4.3.2 Modelling results 
Figure 4.34 shows the average TEM hot-surface temperature profiles of the three different 
TEGs illustrated in Figure 4.33. Hot surfaces of the first row TEMs of all the TEGs exhibit low 
temperature profiles as the TEM1 located at the coolant inlet of the TEG. Along the 
centrelines of the TEGs, the TEM hot surface temperatures drop gradually as the TEMs 
generate energy from the thermal energy. Moreover, it can be seen that the TEM hot-surface 
temperatures of the octagon heat exchanger is the highest among all three TEGs. The 
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reason for the effect can be explained as this; the average wall thickness of square TEG is 
the highest and the octagon TEGs’ is the lowest. Heat transfer rate increases with 
decreasing the wall thickness. Thus, highest TEM hot surface temperatures can be observed 
in octagon-TEG and lowest surface temperatures can be observed in square-TEG.  
 
Figure 4.34 TEM hot surface temperature profiles along the centrelines of TEGs 
 
Power generation by a column of TEMs of each TEG is illustrated in Figure 4.35. It can be 
noted that the maximum power per module is generated by the square TEG. The power 
generation by a TEM is dependent on the power constant introduced in Eq (4.12). TEMs in 
square TEG has the largest power constant as shown in the Table 4.8-Case TC-1. 
Therefore, TEMs have smallest power constant, octagon-TEG, generates the lowest power, 
even though it has the highest temperature difference across the TEM. 
 
Figure 4.35 TEM power generation for different number of thermocouples/modules:TC-1 
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Power generation characteristics of the TEGs were analysed by varying the power constant 
of the TEMs in hexagonal and octagonal TEGs. Number of thermocouples (TCs) was 
increased by 50% in TEMs in both TEGs and, to compare the results, the number of TCs in 
square TEGs’ TEMs was not changed during the comparison. According to Figure 4.36, the 
power generation per TEM in hexagon and octagon increases with increasing the number of 
TCs in a TEM. 
 
Figure 4.36 TEM power generation for different number of thermocouples/modules:TC-2 
 
Figure 4.37 shows the total power generation by square, hexagon and octagon TEGs for 
different number of TCs in their TEMs. Hexagonal and octagonal TEGs can become more 
promising than the square TEGs, if the power constants of TEMs in those TEGs could 
increase by improving the TE material properties and by increasing the number of TCs per 
module due to their low wall thicknesses comparative to square TEGs.  
 
Figure 4.37 TEG power generation for different number of thermocouples/modules 
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However, if a TEG has large number of TEMs, the TEG unit could be more complex when 
considering the electrical wiring and assembling. But the, complexity of the TEG could be 
managed if the TEG can create the best performance for a given limited mass TE material 
and TEM geometry. On the other hand, TEG complexity could become more significant 
depending on the location and the application of the TEG in the vehicle.  
4.4 Economic analysis of the TEG system 
The cost of electricity generated by a TEG is a function of many parameters; i.e. s of the TE 
material, conversion efficiency of the TEM, expected life time of the TEG, type of the vehicle 
(CI or SI) and its fuel consumption characteristics (directly related to the vehicle drive cycle), 
cost of heat exchanger materials and TEMs, and production cost. In the face of a series of 
complex and interacting relationships, an analysis is needed to identify cost effective 
configurations of TE devices. 
4.4.1 Introduction to vehicle simulation model 
One of the objectives of the TEG is to replace the engine driven alternator, which generates 
the required electrical power of the vehicle. Electrical ratings of alternators for different 
vehicles are given in Table 1 in the appendix B [95 and 96]. The vehicle model (Figure 4.38) 
developed by former team members of the “Loughborough TEG group” was modified and 
used to predict the fuel saving of four different vehicles for their preferred drive cycles. The 
vehicle model was developed based on QSS tool box [97 and 98] in SIMULINK and used to 
calculate the vehicle fuel consumption, engine speed and load required to achieve a given 
vehicle speed, rate of acceleration and resistive loads such as rolling resistance, drag and 
frictional loses in the power train. Vehicle information i.e. weight of the vehicle components, 
gear ratios, drive cycle data, vehicle cross section area, wheel diameter, engine combustion 
maps or engine information and etc can be defined in the different objects of the model.  
 
Figure 4.38 QSS vehicle model 
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Fuel consumption was predicted based on the known engine parameters and instantaneous 
engine power. Four different vehicles were used for the analysis as shown in the Table 4.9. 
Steady state exhaust temperature and mass flow rate maps were produced from data 
obtained on real exhaust conditions for engines, using dynamometers. Corrections to 
transient conditions were achieved using a feedback loop and tuned to replicate transient 
tests conducted in the Loughborough power-train laboratory.   
Table 4.9 Engine data 
 Engine type Capacity Peak Torque Peak Power 
1 I4 NA SI-1.4 Small Petrol 1388cc 125Nm@4500rpm 35.6kW@5500rpm 
2 I4 TDi CI-1.6 Small Diesel 1560cc 240Nm@1750rpm 80.2kW@4000rpm 
3 I4 TDi CI-1.8 Diesel 1896cc 310Nm@1900rpm 96.9kW@4000rpm 
4 TDi CI-Diesel Bus 7400cc 1000Nm@2000rpm 184.0kW@2000rpm 
The validation of the model was conducted and it was found that the prediction for fuel 
consumption from the model was within the 2% of the published data for the New European 
Drive Cycle (NEDC). A wide range of drive cycles, i.e. FTP-75, NEDC, EPA, New York City 
Cycle (NYCC), 10-15 Mode Cycles, Braunschweig Cycle and Artemis drive cycle, were used 
to represent different type of routes [6]. In order to calculate the fuel consumption rates, 
Artemis Motorway 150 was used for cars and vans whilst, Artemis Motorway 130 was used 
for buses and heavy vehicles. 
4.4.2 Modelling the TEG and fuel consumption predictions 
As explain in the Chapter 5, the prototype TEG (open-pipe) illustrated in the Figure 4.8 was 
fabricated during the study. Real TEG geometrical information was taken in to account during 
this modelling exercise. The prototype TEG was fabricated using stainless steel (S.S.) and 
Aluminium (Al), for hot-gas and coolant compartments respectively. The specifications of the 
prototype S.S. TEG are shown in Table 4.10.  
Table 4.10 TEG data 
Hot-gas compartment material Steel 
Weight of the S.S. hot-gas compartment 6.264kg 
Coolant-compartment material  Aluminium 
Weight of the coolant compartment  3.175kg 
Total mass of the TEG 9.438kg 
Volume of the TEG 110mm*110mm*300mm 
Total number of TEM 16 
Total power rating of the TEM 13W 
Maximum power generated by the TEG 208W 
Here, the mass of the S.S. TEG was assumed as identical to the prototype TEG fabricated 
for the experimental program. The hot-gas and the coolant compartments of the Al TEG was 
assumed to be fabricated from Al, with the aim of reducing the mass penalty when installed 
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in a passenger car. It was calculated that the mass of the Al TEG, which generates the 
similar power output to the S.S. TEG is 5.3kg. TEG power given in the Table 4.10 is the rated 
maximum power of the TEG. The TEMs in the TEG was fabricated using Bi2Te3 TE material, 
which has the s in the range of 0.5-0.6. 
The fuel consumption rates were calculated with the standard alternator and a set of TEGs 
delivering the equivalent power to that of the respective alternators. When defining the TEGs 
in the vehicle model, the alternator mass was assigned as zero and mass of the particular 
TEG was added to the pay load of the vehicle mass while delivering the equivalent alternator 
power. Engine type, alternator power, masses of the standard alternator, equivalent power 
generated S.S. TEG and equivalent power generated Al TEG are given in the Table 4.11.  
Table 4.11 Masses of the alternators and TEGs 
 Engine type Alternator  
Power (W) 
Alternator  
(kg) 
S.S.TEG 
(kg) 
Al TEG  
(kg) 
1 I4 NA SI-1.4 Small Petrol 875.5 6.0 40.0 22.5 
2 I4 TDi CI-1.6 Small Diesel 920.5 5.6 43.0 24.0 
3 I4 TDi CI-1.8 Diesel 1375.2 8.4 64.0 36.0 
4 TDi CI-Diesel Bus 3800.0 23.3 172.0 97.0 
An estimated sum of £900 was allocated to the TE and heat exchanger materials to fabricate 
a 208W-rated power prototype TEG, having 16 TEMs (13W/TEM). Economic analysis was 
conducted on this basis to compare the unit-cost of thermo-electricity and the grid electricity. 
This is based on the assumptions of mildly hybridized vehicle where the electrical storage 
can be charged from either the TEG or a mains supply. Calculations were carried out 
assuming the TEG would operate at its maximum power rating at all the time. 
Table 4.12 demonstrates the annual fuel saving results of different vehicles for most 
appropriate drive-cycles of each vehicle category, obtained by the vehicle simulation model 
after implementing TEGs as explained in the Section 4.4.1.  
Table 4.12 Calculated annual fuel consumptions for different vehicles 
 
Vehicle type 
Fuel consumption 
With 
alternator 
(Litres/annum) 
With Steel TEG With Aluminium TEG 
(Litres/annum) Saving 
(%) 
(Litres/annum) Saving 
(%) 
1 1.4 Small Petrol 993.90 955.40 3.88 950.10 4.41 
2 1.6 Small Diesel 1016.20 973.40 4.22 968.50 4.70 
3 1.8 Diesel 881.00 849.30 3.60 841.40 4.49 
4 Bus 19897.30 18502.47 7.01 18425.37 7.38 
Fuel saving of 3.9-4.7% is predicted for passenger car application whereas; maximum fuel 
saving of 7.4% is predicted for buses by the model. Moreover, the results show that the mass 
of the TEG plays a vital role for fuel saving in light duty passenger vehicles such as cars. 
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However, heat transfer characteristics as well as the stability of the material for a wide 
temperature range also need to be taken into account when selecting the best material to 
manufacture the TEG. 
The results shown in the next section illustrate the unit cost of electricity and pay back of 
different TEG systems under different driving conditions assuming the TEGs are installed in 
the main exhaust stream of the vehicles. Domestic unit electricity cost in the UK was 
assumed as 0.0895£/kWh [99] and also, petrol and diesel prices were assumed as 1.30£/litre 
and 1.36£/litre respectively [100]. The conversion efficiency of the TEMs that have been 
used for testing is 4.5 % and the s value varies from 0.5-0.6.         
4.4.3 Economic analysis of the TEG systems 
Figure 4.39 shows the pay back of the TEG systems implemented on different vehicles. It 
can be seen that the TEG systems are most economical in heavy duty vehicles i.e. buses, 
rather than in light duty vehicles. Moreover, it can be seen that the TEG weight penalty is 
most significant in light duty vehicles. During this analysis, the life time of the TEG systems is 
assumed as 15 years. Although, the Al TEG systems are more economical than the S.S. 
TEG systems, they are not suitable for high temperature applications. In order to reduce the 
weight of the TEG, the hot-gas side needs to be manufactured from low density, high thermal 
conductive material instead of S.S. However, another option for the weight penalty would be, 
to design a more aggressive S.S. TEG heat exchanger while utilizing high s-TEMs with 
efficient TE materials. This solution will significantly reduce the long payback periods of 
passenger cars and light good vehicles by decreasing the fuel consumption. 
 
Figure 4.39 Pay back of the TEG system – for different vehicle categories 
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Unit electricity cost of the TEG systems are illustrated in Figure 4.40. As shown by the 
results, a TEG system, which has 15 year life time, installed in a bus is able to generate 
electricity with an electricity cost equivalent to purchase from the grid.  
 
Figure 4.40 Unit cost of the TEG system - for different vehicle categories 
 
Figure 4.41 and Figure 4.42 illustrate the pay back and unit electricity cost of the TEGs 
installed in passenger cars for different TE materials having different s values. Higher the 
s of the TE material, payback period becomes more realisable and the unit electricity cost 
generated by the TEG eventually becomes very small and shows that these systems will also 
become promising in passenger vehicle applications. 
 
Figure 4.41 Pay back of the TEG system in a passenger car for different s values 
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Figure 4.42 Unit cost of the TEG system in a passenger car for different s values 
 
Pay back and unit electricity cost of the TEGs installed in buses were calculated for different 
TE materials having different ss as shown in the Figure 4.43 and Figure 4.44. Higher the s 
of the TE material, payback period decreases and the unit electricity cost generated by the 
TEG eventually becomes even lower than the grid electricity and shows that the buses and 
heavy duty vehicles are the most realistic TEG applications. 
 
Figure 4.43 Pay back of the TEG system in a bus for different s values 
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Figure 4.44 Unit cost of the TEG system in a bus for different s values 
 
TEG’s can be considered as long-lasting devices because of their solid state nature. 
Because of this nature, it is well known that NASA uses RTGs (radioisotope thermoelectric 
generators) for their unmanned space craft to power the electronic systems during their 
space exploration [61]. The longer the expected life-time, the less the payback period of the 
TEG system as shown in the Figure 4.45 and the unit electricity cost generated by TEG 
systems decreases.  
 
Figure 4.45 Unit cost of the TEG system in a bus for different operating periods 
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Several passenger vehicles were modelled and predicted a fuel saving of 3.9-4.7%.  TEGs 
for passenger bus application will become more viable alternatives to alternators, with the 
payback period of less than three years, once modules with a figure-of-merit (s) of 3 and a 
unit cost half of those used in the analysis. A transit bus was modelled and tested on several 
drive cycles and the results suggested that a fuel saving of 7.4% with a payback of 6 years 
could be achieved with current TE materials and costs.  
4.5 Summary 
Theoretical analysis was performed to investigate the different geometrical parameters and 
boundary conditions that determine and characterize the power generation of TEGs. The 
results show that the power generation of the TEG increases most significantly with 
increasing the exhaust inlet temperature and the flow rate, and also with reducing coolant 
inlet temperature of the TEG heat exchanger.  
It was found that the open-pipe TEG heat exchangers that generate negligible pressure 
drops are not efficient heat exchangers for exhaust gas energy recovery applications. 
Simulation results show that the heat transfer across the TEG heat exchanger can be 
enhanced by increasing the fin length, fin thickness, number of fins, length of the heat 
exchanger, inner wall thickness, installing a turbulent device in the hot heat exchanger and 
making counter flow arrangement of the heat exchanger. All of these methods increase the 
pressure drop across the TEG while enhancing the heat transfer across the device. Thus, the 
heat transfer augmented method has to be carefully selected to optimise the heat transfer 
and pressure drop through the device.  
GT-Power engine simulation results showed that the backpressure generated by the TEG is 
insignificant and has a negligible effect on the overall engine efficiency and the BMEP. This 
result provides a strong indication that implementation of the TEG in engine exhaust system 
does not significantly reduce the overall engine performance and hence, TEG continues to 
present itself as a promising heat recovery method in automobile applications.  
It has been shown through a modelling process that it is economically viable to manufacture 
a TEG using commercially available HZ-14 modules and replaces the 3.8kW alternator for 
transit buses. For the more favourable Braunschweig cycle we predicted a 7.4% fuel saving 
and a pay back of 6 years. Current module costs mean a large increase in the cost of the 
vehicle, but this is outweighed by the fuel savings and accompanying reduction in emissions. 
It is possible to replace passenger car alternators with TEGs, but the comparatively low 
mileage compared to buses makes current manufacturing costs un-economical. To bring the 
payback within 10 years, the modules used would have to have 1/10th of the current unit cost 
with current TE materials. Increased TE figure-of-merits would further reduce the payback 
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period in passenger car application. With the expected development of new technologies 
typified by quantum well, wire and dot construction modules this goal looks reachable. For all 
cases considered, there would be some mass added to the vehicle. For heavy vehicles, this 
has a negligible effect reinforcing the argument that TEG is suited to heavy duty applications. 
The passenger car’s fuel saving is sensitive to the added weight, especially in urban 
stop/start driving conditions. Light weight construction is important to improve the efficiency 
gains. It is expected that for diesel engines, the exhaust gas temperature will be low enough 
to allow for an all-Aluminium heat exchanger which significantly reduces the mass over the 
steel prototype tested. 
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5 
5 Phase 1 Thermo-Electric Generator 
experimental program  
Reported in this chapter are the results of a practical test program carried out to evaluate the 
performance of the theoretical thermoelectric generator models detailed in Chapter 4. A 
comprehensive experimental study was conducted with the thermo-electric generator (TEG) 
mounted in two automotive engines; a turbocharged diesel engine and a naturally aspirated 
gasoline engines. Section 5.1 describes the layout and instrumentation of the experimental 
set-up and, the testing procedures. An in-depth discussion has been made in Section 5.2 to 
evaluate the model predicted and experimental TEG results on a comparative basis. In 
Section 5.3, the TEG performance in respectively the compression ignition (CI) and spark 
ignition (SI) engines is explained, highlighting the potential for industrial implementation. 
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5.1 TEG test set-up and data acquisition system 
The prototype of the open-pipe TEG, which was illustrated in Figure 4.7 in Chapter 4, was 
designed and fabricated for the Phase 1 experimental program. The TEG heat exchanger 
was mounted on the exhaust systems of two test engines in ‘Loughborough engine test 
facility’. Describes in here is the experimental apparatus and the testing procedures of this 
study. The Figure 5.1 shows the layout of the test set-up consisting the test engine, 
dynamometer, data acquisition system controlled by National Instruments LabVIEW 
software, TEG, Chiller unit to control the coolant flow and the TEG power converter unit.  
 
Figure 5.1 Test bench 
 
5.1.1 Test engine specifications 
Two test engines were used for the experimental program. The engines were coupled to a 
water cooled ‘Froude eddy current dynamometer’ to control the engine speed. Engine load is 
managed through air supply (Sigma) or fuelling (TDi). The test engines; VW-Passat 1.9TDi 
Turbo-charged diesel and Ford-Sigma 1.4litre naturally aspirated gasoline, were selected 
aiming to analyse the TEG performance in both CI and SI engines applications respectively. 
The TEG was located in the main exhaust stream, downstream of the turbocharger in the 
diesel engine. For the gasoline engine, the TEG was placed downstream of the catalytic 
converter (CAT), as there is a risk the temperature change due to heat transfer could 
depress the CAT entry temperature below the level required for its operation. On the other 
hand, this may reduce the risk of burning out of TEMs owing to high exhaust gas 
temperatures. Test engine specifications are given in Table 5.1 and Table 5.2.   
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Table 5.1 VW Passat 1.9TDi Turbo-Charged diesel engine specifications 
Displacement 1900cc approx 
Architecture I4 Turbo Charged 
Fuel  Low Sulphur Diesel 
Peak Power 96kW @ 4000rpm 
Peak Torque 310Nm @ 1900rpm 
Bore 79.5mm 
Stroke 95.5mm 
Compression Ratio 15:1 (originally 19:1) 
 
Table 5.2 Ford Sigma gasoline engine specifications 
Displacement 1388cc approx 
Architecture I4 Naturally Aspirated 
Fuel  Gasoline 
Peak Power 67kW @ 5500rpm 
Peak Torque 125Nm @ 4500rpm 
Bore 76mm 
Stroke 76.5mm 
Compression Ratio 11:1 
Both engines are fully instrumented to measure temperatures and mass flow rates of both 
the fuel and air. In addition, all of the sensor signals i.e. temperature, pressure, mass flow 
rate and TEG power (voltage and current) were acquired and recorded in ‘National 
Instruments (NI) LabVIEW VI’ throughout the test program. 
5.1.2 Data acquisition 
As explained above, NI-LabVIEW V8.0 program was used for the data acquisition during the 
testing. An externally connected “Pico TC-08 Thermocouple Data Logger” was used for all 
the thermocouple data acquisition and internally connected NI DAQ cards; type 6023-E and 
type 6221, were used for all other data acquisition in the diesel and the gasoline engines. 
TC08 Specifications: 
Resolutions    : 20 bits 
Conversion time   : 100ms 
Absolute accuracy (full scale) : ±0.2% of reading and ±10V 
Input voltage range   : ±70mV 
Effective temperature range  : -270˚C-+1820˚C 
NI PCI 6023-E: 
Resolutions    : 12bits 
Sampling rates   : 200kS/s 
Absolute accuracy (full scale) : ±1060V 
Input voltage range   : ±10V 
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NI PCI 6221: 
Resolutions    : 16bits 
Sampling rates   : 250kS/s 
Absolute accuracy (full scale) : ±3230V 
Input voltage range   : ±10V 
Back pressure created by the TEG was measured using a digital differential pressure gauge 
and data was recorded manually for steady state engine operation. 
5.1.3 Inputs to the LabVIEW program 
All the inputs to the LabVIEW program are listed in the Table 5.3. 
Table 5.3 Input parameters to the LabVIEW program, sensor type and connection to the PC 
Input (Unit) Sensor Connection to PC 
Temperature (°C) K-type thermocouple Pico TC08  
Air mass flow rate  Voltage generated by a rotation of a Turbine  NI PCI 6023-E  
NI PCI 6221 
Coolant flow rate RN3 Turbine flow meter -do- 
Cylinder pressure Pressure transducer -do- 
Engine speed (rpm) Pick-up coil (variable reluctance) VSS -do- 
Engine torque (Nm) Load cell transducer -do- 
TEG voltage Used a DC/DC Converter -do- 
TEG current -do- -do- 
All required sensor outputs were acquired by the LabVIEW program and recorded in 
separate output files while the testing was conducted. 
5.1.4 Fabrication and assemble the TEG 
The hot and cold fluid compartments of the open-pipe TEG were made of S.S. and Al 
respectively and the TEMs were sandwiched between. Although, the heat exchanger can be 
fitted with 16 off HZ-14 TEMs (specifications are given in the Table 1 in appendix A), for the 
present study only 8 off TEMs were used to contain the fabrication cost. Ceramic wafers 
were placed between the TEMs and the fluid compartments to electrically isolate the TEMs.  
Heat sink paste (thermal grease) was used on all surfaces to increase the surface-to-surface 
thermal conductivity and, fine surface thermo-couple wires were laid on the surface to allow 
measurement of the TEMs’ surface temperatures.  
The cooling system of the TEG was kept separate from the engine coolant. A NESLAB 
Merlin re-circulating Chiller unit was used to accurately control the coolant flow rate and the 
inlet temperature to the TEG. Those passages of the heat exchanger not equipped with 
TEMs were supplied by a separate flow of coolant to ensure that the inner surface 
temperatures of the heat exchanger were the same as those equipped with TEMs. This 
ensured that the heat rejection was the same as if 16 TEMs were used. A differential 
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pressure gauge was installed in the exhaust pipe, connecting both sides of the TEG, just 
before and after the inlet and outlet of the TEG, to measure the pressure difference across 
the TEG. An exploded view of the TEG assembly is shown in Figure 4.7.  
Figure 5.2 illustrates the TEG installed in the tail pipe of the VW 1.9TDi diesel engine. The 
TEG was positioned about 1m away from the turbocharger outlet as illustrated in the Figure. 
 
Figure 5.2 VW 1.9TDi diesel engine TEG test set-up 
 
The TEG was installed about 1m away from the catalytic converter in the Ford-Sigma engine 
as illustrated in the Figure 5.3, to prevent damaging the TEMs due to hot gas. 
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Figure 5.3 Ford-Sigma gasoline engine TEG test set-up 
 
The power generation performance of the TEG was tested with and without a heat transfer 
enhancement device; a turbulent generator inserted in the hot-gas compartment in the TEG. 
A picture of the turbulent device used for the experimental program is shown in the Figure 
5.4. The geometry of the turbulent device was designed considering the fabrication feasibility 
and, it was made of S.S. and 13mm long S.S. spikes were inserted in regular intervals along 
the main shaft of the device to induce flow separation and create turbulence. The engine 
operating conditions were held the same for both cases. 
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Figure 5.4 Turbulent device 
 
5.1.5 TEG power converter assembly 
A DC/DC converter was used to regulate the power, voltage and current measurements of 
the TEG during the experimental program. A current transducer was used to convert the 
voltage generated by each TEM into a constant current, so that the voltage can be recorded 
and the current can be calculated based on the value of the resistor. The load resistor () 
can be chosen to achieve the maximum efficiency or to achieve the maximum power output, 
which are related to the internal resistance of the TEM (, thermoelectric figure of merit ( 
and average operating temperature ( as given in the Eq (5.1) and Eq (5.2) respectively. 
Here in this application, the converter circuit was designed to achieve the maximum power 
output by the device and, load resistor was selected as given in the Eq (5.2). 


		
 1  	
 (5.1) 
 
  (5.2) 
The designed DC/DC converter requires a 12V load, which was created using a 
rechargeable lead-acid battery. TEM voltage measurements were recorded using the data 
acquisition system. The electronic circuit of the power converter is illustrated in the Figure 
5.5. The connection to the battery was controlled by the Switched Mode Power Supply Unit 
(SMPU) to regulate the output voltage before delivering to the battery. Voltages  to  were 
generated by the 8 TEMs. The total current () and the total voltage () were 
monitored. 
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Figure 5.5 TEG Power converter assembly 
 
5.1.6 Testing procedure 
Power generation characteristics of the TEG were examined by varying the fluid boundary 
conditions i.e. temperatures and mass flow rates of the exhaust gas and the coolant, during 
the test program. The hot gas mass flow rate and the temperature were varied by changing 
the engine speed and load from the dynamometer. As explained in the previous section, the 
tests had to be repeated for both the cases; with and without turbulent body. The test 
programs for both VW-1.9TDi diesel and the Ford-Sigma gasoline engines are summarised 
in Table 5.4 and Table 5.5 respectively. 
Table 5.4 Summary of the experimental runs of the VW-1.9TDi diesel engine 
Case ,@  (K) !" , (kgs
-1) # (K) !" # (kgs
-1) 
1 600 0.15 280 0.16 
2 700 0.20 280 0.16 
3 600 0.20 280 0.16 
4 700 0.20 290 0.16 
 
Table 5.5 Summary of the experimental runs of the Sigma gasoline engine 
Case ,@$%&'(  (K) !" ,s (kgs
-1) # (K) !" # (kgs
-1) 
1 680 0.007 280 0.16 
2 780 0.011 280 0.16 
3 680 0.007 290 0.16 
4 730 0.009 280 0.16 
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The engines were run in a series of steady state conditions. The temperatures were allowed 
a maximum of 20min to stabilize prior to measurement being made. All the parameters were 
monitored during the settling period and all engine and TEG data were continuously recorded 
at a frequency of 1Hz during the entire testing period. 
5.2 Results from the experimental data analysis 
5.2.1 VW diesel engine test results 
The available power from the exhaust stream at different locations in the VW-1.9TDi engine’s 
exhaust system pathway was calculated for above test cases and is illustrated in Figure 5.6. 
Engine brake power was found to be around only 1/3rd of the engine indicated power as a 
result of the energy losses described in Chapter 1. Availability at the exhaust manifold is 
almost equal to the brake power of the engine. As this is a turbo-charged diesel engine, a 
fraction of the exhaust gas heat is recovered by the turbocharger. Therefore, the availability 
of the exhaust gas after the turbocharger is slightly less than in the exhaust manifold. A 
distinct reduction of the availability is evident across the TEG. Availability difference of the 
pre-TEG and post-TEG gives an idea of the thermal energy absorbed by the TEG. But this 
does not represent the total amount of electricity generated by the TEG because there are 
irreversibilities present in the heat recovery device such as; radiation heat losses at the TEG 
surfaces, rejection of unused heat via the coolant. Availability of the exhaust gas increases 
with increasing indicated power of the engine making more energy available at the exhaust 
system to be recovered.    
 
Figure 5.6 VW-1.9TDi engine’s power and availability of the exhaust flow at different 
positions along the exhaust system (5,6,7,8 and 1,2,3,4 represents the with and without 
turbulence device respectively) 
0
20
40
60
80
100
120
140
1 2 3 4 5 6 7 8
P
o
w
e
r 
(k
W
) 
Flow condition - Test number 
Engine indicated power Engine brake power Availability at the exhaust manifold
Availability at pre-TEG Availability at post-TEG
Chapter 5: Phase 1 Thermo-Electric Generator experimental program 
 
Loughborough University 133 
 
The variation of the exhaust gas temperature profiles at different positions in the tail pipe is 
illustrated in Figure 5.7. The temperature profiles are similar to the availability profiles as 
illustrated in Figure 5.6 due to the fact that, the availability is a direct function of temperature. 
It can also be clearly seen that the presence of the turbocharger significantly reduces the 
exhaust gas temperature at the pre-TEG.  
 
Figure 5.7 VW-1.9TDi engine’s Temperatures at exhaust manifold, pre-TEG and post-TEG 
(5,6,7,8 and 1,2,3,4 represents the with and without turbulent device respectively) 
 
Measured centre line temperature profiles of different surfaces along the TEG (for Case 3-
without turbulent body) are plotted in Figure 5.8. Temperature of the exhaust gas decreases 
along the TEG as the heat recovery device absorbs the waste thermal energy from the 
exhaust gas to produce electricity and rejects heat to the coolant. 
 
Figure 5.8 Temperature profiles along the centrelines of the TEG surfaces 
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Figure 5.9 illustrates the correlation between the temperature differences across a TEM and 
its power generation capability (Case 7 and Case 3-with and without turbulent body). As 
discussed in Chapter 3, the power generation by the TEM increases with the temperature 
difference across the hot and cold side surfaces.  
 
Figure 5.9 Correlation between the temperature difference across a TEM and the power 
generation by the TEM 
 
Temperatures of the TEM hot surfaces reduce as a result of decreasing the hot gas 
temperature along the centreline of the TEG and are illustrated in Figure 5.10. Hot surface 
temperatures of the Case 2 and Case 4 - with and without turbulent body are higher than that 
of the Case 1 and Case 3 – with and without turbulent body, because of the different inlet 
temperatures of the exhaust gases.  
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Figure 5.10 TEM hot temperature profile along the hot surface centreline of the TEG 
 
Figure 5.11 illustrates the power generated by the TEG at different test conditions. 
Experiments were not conducted at the engines highest speed and load conditions due to 
practical limitations of the test rig and data acquisition system. Therefore the figure does not 
convey the maximum power that the TEG could recover. However, the maximum recovered 
power (without turbulent device), 68W, was recorded at 3500rpm, 200Nm and of 850K and 
0.253kgs-1. It can be seen that the power generated by the TEG increases with the 
increasing inlet temperature and flow rates of the exhaust gas, and by decreasing the 
temperature of the incoming coolant. Heat transfer across the TEG can be increased 
significantly by introducing a turbulent body, which enhances power generation. 
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Figure 5.11 Power generated by the TEG with and without turbulent body  
 
According to the experiment results, it can be seen that the present TEG system does not 
generate the maximum rated power at any tested case.  Therefore, the emphasis in the 
investigation needs to be placed on the heat exchange process in order to recover more 
energy from the main exhaust stream. 
5.2.2 Ford-Sigma gasoline engine test results 
The exhaust gas mass flow rates of turbo-charged diesel engines are significantly higher 
than that of the naturally aspirated gasoline engines. However, exhaust gas temperatures of 
gasoline engines are much higher than that of diesel engines.  Because of that, the gasoline 
engine was not operated at high loads and high speeds during the testing as it would create 
high temperatures at the exhaust system and cause damage to the catalytic converter, input 
sensors and the TEMs (the recommended maximum-continuous hot surface temperature of 
a TEM is 250˚C and intermittent maximum temperature is 400˚C). Test cases of the gasoline 
engine are illustrated in the Table 5.5. 
Figure 5.12 illustrates the indicated and brake power and, the respective availabilities of the 
exhaust gas at different positions in the exhaust system. It can be seen that the ratio of brake 
power to indicated power or, the overall thermal efficiency of the gasoline engine is much 
lower than that of the turbo-charged diesel engine discussed in Section 5.2.1. Availability of 
the exhaust gas decreases when it flows through the un-insulated exhaust system, due to 
the heat losses along the exhaust pipe as explained in Section 3.2.2.   
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Figure 5.12  Ford-Sigma engine’s power and availability of the exhaust flow at different 
positions along the exhaust system (5,6,7,8 and 1,2,3,4 represents the with and without 
turbulence device respectively) 
 
Temperature of the exhaust gas at different positions in the exhaust system is illustrated in 
Figure 5.13. The temperature of the gasoline engine’s exhaust gas is much higher than that 
of the turbo-charged diesel engine (in Figure 5.7), even though it operates lower speeds and 
loads than the turbo-charged diesel engine. However, the temperature and the availability of 
the exhaust gas increase with increasing speed and load.  
 
Figure 5.13  Ford-Sigma engine’s temperatures at pre-CAT, post-CAT, pre-TEG and post-
TEG (5,6,7,8 and 1,2,3,4 represents the with and without turbulence device respectively) 
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Centreline temperature profiles of different surfaces of the TEG (Case 2-without turbulent 
body) are plotted in Figure 5.14. The temperature of the exhaust gas decreases along the 
TEG as the heat recovery device utilizes the waste thermal energy from the exhaust gas. 
 
Figure 5.14  Temperature profiles along the centrelines of the TEG surfaces 
 
As explained above, the tests were not conducted at higher engine speeds and loads to 
avoid the damage to the TEG from high temperature exhaust gas. As a consequent, the 
resulting availability in the exhaust flow is low. Therefore, the average hot surface 
temperature of the TEM is much lower than that of the diesel engine, as shown in Figure 
5.14. 
Figure 5.15 illustrates the correlation between the temperature differences across a TEM to 
its power generation (Case 2 and Case 6-without and with turbulent body). It is evident that 
the power generation increases with increased temperature difference across the TEM. 
Because of the lack of availability owing to the need to constrain the exhaust gas 
temperature, heat transfer across the TEG falls and hence, electricity generation by the TEM 
is reduced even if the temperature difference across the TEM is similar to the diesel engine 
application. 
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Figure 5.15 Correlation between the temperature difference across a TEM and the power 
generation by the TEM  
 
Temperatures of the TEM hot surfaces reduce as a result of reduced temperature of the 
exhaust gas along axis of the TEG. The TEM hot surface temperature profiles are illustrated 
in Figure 5.16. Hot surface temperatures of the TEM 3 and TEM 4 (position 3 and 4 
respectively) significantly decrease due to the counter flow configuration of the heat 
exchanger. 
Figure 5.16 TEM hot temperature profile along the hot surface centreline of the TEG 
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The total power generated by the TEG for respectively different test conditions is illustrated in 
Figure 5.17. As the tested load and speed conditions are much lower than the diesel engine 
test cases (due to safety reasons for the TEG), the availability at the pre-TEG was very small 
and hence, the power generated by the TEG is much lower than that of the VW-1.9TDi. 
However, it can be seen that the energy recovered by the TEG increases with the increasing 
inlet temperature and the flow rate of the exhaust gas and also, by decreasing the coolant 
inlet temperature. It can also be seen that the energy recovered by the TEG, significantly 
increases with the increasing level of the turbulence in the exhaust gas. The installed 
turbulence device has made a substantial contribution to the improvement in the energy 
recovery process.  
 
Figure 5.17 Power generated by the TEG with and without turbulent body  
 
5.2.3 Validation of modelling results 
The modelling results for a TEG having 16 TEMS has been presented in Section 4.2.2.  
However, the TEG fabricated for the experimental program has only 8 TEMs as explained in 
the Section 5.1. The TEG simulations were performed assuming the TEG has only 8 TEMs, 
under the same experimental boundary conditions as given in the Table 5.4 respectively with 
and without a turbulent device. The results obtained by the modelling program and the 
experimental program (in Section 5.2.1) are compared in this section.  
Figure 5.18 illustrates respectively the power generated by the TEG from the theoretical 
analyses and the experimental program. According to the diagram, it can be seen that the 
power predicted by the model closely matches with experimental results.  
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Figure 5.18 Power generated by the TEG at different boundary conditions (5,6,7,8 and 
1,2,3,4 represents the with and without turbulence device respectively) 
 
Different centreline temperature profiles of the TEG was experimentally measured and 
predicted for the Case 3-without turbo charger and shown in Figure 5.19. Figure shows that 
the both profiles closely agree with each other. Slight deviation could be caused due to 
imperfect surfaces and measurement errors encountered in sensors.  
 
Figure 5.19 Temperature profiles along the TEG 
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According to Figure 5.18 and Figure 5.19, it can be seen that the CFD model predictions and 
the experimental results are agree to each other more than 90% accuracy. However, this 
validation was accepted due to the limitations of the modelling exercise. Here in this analysis, 
the theoretical CFD model does not predict the accurate contact resistances at the surfaces 
and instead, assumes the contact resistance is negligible and all surface materials have the 
same expansion coefficient and surfaces are perfectly in contact with each other. The TE 
material properties, i.e. Seebeck coefficient, resistivity, thermal conductivity and expansion 
coefficients are known as temperature dependent parameters. However, during the 
modelling work, all above thermo-physical properties were assumed to be constant. All 
parameters were taken from the literature and TEM product specification sheets. Moreover, 
the power generation of each simulated TEM was derived to match the TEM internal 
resistance to the TEG load resistance. But, the internal resistance of the TE material 
changes with the temperature as the TE material resistivity is a temperature dependent 
parameter. Therefore, the real TEG may not operate at its maximum power generation 
conditions all the time. Because of the above reasons, the experimental results and 
theoretical results are not in full agreement, but an error of 10% is considered to be 
acceptable in work of this nature.  
5.2.4 A comparison of TEG performance in SI and CI 
application  
Exhaust gas temperatures of CI engines are generally lower than those of SI engines as 
illustrated in Figure 5.7 and Figure 5.13. Therefore in SI engine applications, high 
temperatures can be obtained on hot TEM surfaces with efficient TEG heat exchangers. The 
power generation characteristics of TEMs depend on the TE material properties of the 
module. For each TE material, there are best operating temperatures for which, the TEM is 
able to generate its maximum power and conversion efficiency. However, the best operating 
temperature and the melting temperature of commercially available bulk TE materials, Bi2Te3, 
is around 500K and 850K respectively. This implies that the Bi2Te3 TE material is not suitable 
for high temperature SI engine applications.  
This limitation prevented the TEGs being tested in high speed and load conditions in the 
Sigma engine where, extremely high temperatures are present. Therefore, the performance 
of the TEG in SI and CI applications cannot be accurately compared with existing TEMs. TE 
material research groups are investigating for novel, efficient TE materials i.e. Skutterudites 
for high temperature applications. TEGs will be more promising in SI engine applications if it 
is possible to synthesise novel TE materials which are capable of withstanding for higher 
temperatures.  
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As explained above, SI engines need TEMs which operate at high temperatures, whereas, 
diesel engines require TEMs which operate at medium temperatures. High temperature 
gradients are expected due to the higher exhaust gasoline engines, by deploying efficient TE 
materials. Use of segmented type TEMs, fabricated using several layers of TE materials, will 
be the most appropriate solution for high temperature SI engine applications in order to 
generate the maximum power all the time for any given temperature gradient. 
The pressure drop across the TEGs were measured during each testing and found that it is 
in the range of 10-200Pa all the time, depending on the exhaust mass flow rates in both 
engines. Thus, the back pressure developed by the TEG can be neglected in both cases as 
analysed in Section 4.2.5. Moreover, it can be seen that the back pressure generated by the 
open pipe TEG heat exchanger doesn’t adversely affect to the overall engine performance.  
5.3 TEG heat recovery approaches of Automotive 
Manufacturers 
Energy recovery of ICEs has become one of the most attractive research interests among 
the automobile community in the world recently. Stringent emission regulations and 
increasing fossil fuel prices have become their motivation factors for ICE energy harvesting. 
TEG systems are more popular in passenger vehicle manufacturers rather than the heavy 
duty engine manufacturers because of its solid state nature, low complexity and 
controllability. TEG energy recovery approaches by leading automobile manufacturers are 
discussed in this section. 
5.3.1 Ford Motor Company 
TEG research group in the Ford Motor Company is one of the most active TEG research 
groups in the automotive industry worldwide. Ford is aiming to find answers for, 
backpressure limitations of TEG heat exchangers, temperature limits for TE materials, 
durability testing of TEG systems, price and performance ($/kWh and W/kg), recycling of 
used TEG systems, assembly requirements (electrical, mechanical and plumbing) and 
control & sensor requirements of TEG systems, during their long-term TEG project [101]. 
Most of the work is oriented to replace the engine driven alternator by a TEG to provide the 
same power at normal and extreme operation conditions i.e. idle conditions, start-stop city 
drive cycle, hot and cold ambient conditions (+50˚C to -30˚C), minimize the weight of the 
TEG systems comparative to battery/alternator systems [37].  
Moreover, a 500W-rated power TEG is expected to be fabricated with the central bypass 
functionality aiming to control the temperature of the TEG using segmented Bi2Te3 TE 
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material by the Ford-TEG research group. Performance of the TEG is to be evaluated on a 
Ford Fusion 3.0litre V-6 engine. 
In addition, 1-D engine simulation tool has been used to evaluate the performance of a TEG, 
installed 2.5litre gas-electric hybrid vehicle and has been predicted the potential generation 
of 300W-400W under EPA highway drive cycle condition [37].  
  
Figure 5.20 Ford TEG development (a) in a car application [101] and (b) TEG structure [102] 
 
Ford motor company closely works with ‘Amerigon Advanced Thermoelectric Solutions’ and 
has fabricated the TEG illustrated in the Figure 5.20. At Ford, current TEG related studies 
are still in the modeling and evaluation process and investigations continue into further 
development of advanced materials and efficient TEG heat exchanger design.    
5.3.2 General Motors (GM) 
During eight years of thermo-electric research experience, GM has been investigating, TE 
materials, system-level thermal management, design and modeling TEGs, TEG prototype 
constructions and evaluation, testing for durability, efficient TEG heat exchanger design, 
thermal interface material, measurement, characterization of TEG performance and 
integration of TE systems into vehicle electrical networks. 
TE figure of merit, =1.6 @850K, multiple filled p-n skutterudites have been synthesized by 
the GM-TE material research group. Unlike Ford, planar-TEMs have been identified as the 
GM’s main interest and the company work closely with Marlow industries for module 
fabrication. Moreover, GM closely works with General Electric (GE) for TEG subsystems 
modeling i.e. electrical system and design.  
A TEG, as illustrated in Figure 5.21 (b), was fabricated using Bi2Te3 TEMs and tested in 
laboratory scale and recorded maximum of 35W power output for FTP city drive cycle. 5% 
fuel economy improvement is expected from a TEG, proposed to make of high temperature 
skutterudite TEMs, over the FTP city and highway drive cycles by 2015. 
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Figure 5.21 GMs TEG development (a) in a car application and (b) TEG structure [103] 
 
GMs’ TEG research staff is still in the development process and have not yet declared, when 
TEG systems will be integrated into production vehicles. 
5.3.3 BMW 
In 2009, Bi2Te3 prototype TEG of rated power 300W, was fabricated in BMW for main 
exhaust system application and had been awarded ‘Eco-Globe 2008’ for the prototype 
development of the TEG systems. After 2009, most of the research work focused on 
integrating the TEG systems with the EGR system in the 4.0litre V8 diesel engine. A shell 
and tube type TEG-EGR cooler was designed using ring-type PbTe TEMs, integrated with 
the tubes of the EGR cooler as illustrated in Figure 5.22 (b) and obtained a maximum of 
180W power generation for highway driving. 
  
Figure 5.22 BMW TEG development (a) in the car application and (b) TEG structure [104] 
 
BMW group is aiming to fabricate TEGs from lead-free TE materials by 2018, and expects to 
integrate TEG systems with catalytic converters by 2022. BMWs’ TEG road map looks very 
attractive and, is hoping to integrate the TEG systems to their market product after 2020. 
5.3.4 Honda 
The TEG research work in Honda mainly concerns TEG power output, increased engine 
back pressure and the effects of increased vehicle weight due to the TEG system. Although, 
the optimized TEG generates the maximum power output, it may not give the maximum fuel 
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output for a particular drive cycle due to back pressure and weight penalty. As a 
consequence, Honda’s principle investigations have been focused on the ‘optimization of the 
TEG to maximize the energy recovery’ [105]. 
Honda’s TEG development approach is similar to other car manufacturers, except their 
enthusiasm for insulating the cylinder head and thereby reducing the heat flow to the coolant 
and insulating the exhaust manifold and the tail pipe to increase the availability of the 
exhaust gas. Moreover, TEG systems have been developed to apply in series hybrid 
vehicles to obtain stable electrical power output from the integrated systems.    
 
Figure 5.23 Hondas’ TEG structure [105] 
 
The TEG work carried out by Honda is not as mature as the work at other Automotive OEM 
companies and is still in its early stage. Most of their work is still in the simulation phase; a 
prototype TEG has been fabricated as a proof of concept and is illustrated in Figure 5.23.  
5.3.5 Renault Trucks 
Renault Trucks’ TEG research project resembles Honda’s. Renault is still in the early stages 
of TEG system modeling. A three years research project has been established with Renault 
as a major partner with the designing a 300W TEG for diesel car applications, 500W for 
gasoline car application and 1kW for diesel heavy duty truck applications and the economic 
goal of generating electricity for 0.2-1.0€/W. 
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Figure 5.24 Renault Trucks’ conceptual TEG structure [106] 
 
A conceptual TEG as illustrated in Figure 5.24 has been simulated using a simulation code 
developed by SHERPA Technologies. It has been shown that, there is a possibility of 
designing and fabricating a TEG to recover 1kW from an 11litre Renault Truck engine 
operating a heavy duty drive cycle.  
5.4 Active temperature control methods using TEGs 
As the TEGs utilize exhaust waste energy to generate electricity, there is a possibility to 
integrate the TEG with other exhaust system components i.e. EGR system, catalytic 
converter and DPF, to control the exhaust gas temperature in certain components, to 
maximize those components’ performance as well as recovering the waste energy.  
Under normal operating conditions, the catalytic conversion process of the catalytic converter 
does not begin until the internal temperature of the catalytic converter reaches to 200-300˚C. 
Therefore, TEGs needs to be installed downstream of the catalytic converter in SI engine 
applications so as not to interrupt the catalytic conversion process in the cold-start condition. 
During the catalytic process, the internal temperature of the catalytic converter reaches 650-
700˚C, because of the exothermic reactions taken place in the catalytic converter. If the 
temperature of the catalytic converter increases more than 1000˚C, the precious metal on the 
wash-coat could burn and eventually, the bricks of the catalytic converter could burn. Thus, 
the temperature of the catalytic converter needs to be controlled to prevent damage to the 
component as well as to recover the heat generated from the exothermic catalytic process.  
Integration of the TEG with the catalytic process could be the best solution to control the 
catalytic converter’s operating temperature as well as the waste energy recovery, while 
maintaining the same back pressure as if the catalytic converter were in the exhaust system. 
The catalytic converter can be designed as a TEG, where the inner surfaces of the TEG can 
be coated with respective catalysts and the walls of the TEG can be constructed with the 
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high temperature single or segmented TE couples. As illustrated in the Figure 5.25, the TEG 
can be coupled with a bypass line to prevent the damage caused by the high exhaust 
temperatures. If the internal temperature exceeds the set value, which risks either the TE 
material or catalysts material, the exhaust gas can be by-passed through the ECU controlled 
by-pass valve as shown in the figure. In the cold start condition, the coolant supply of the 
TEG can be reduced or stopped using a coolant control valve as illustrated in the figure and 
hence the TE device will not extract heat from the exhaust gas and would not interrupt the 
catalytic process (hot gas refers to exhaust gas).  
 
Figure 5.25 Proposed Catalytic Converter temperature control process coupled with the TEG 
 
Diesel engines use EGR systems to control the NOx emission to meet the emissions 
standards. It was found following an availability analysis that the energy recovery in the EGR 
path is more promising than recovery in the main exhaust stream. Very high temperatures 
and high availability can be expected in the high pressure (HP) EGR gas, as the HP-EGR 
system is located closer to the exhaust manifold. Availability of the low pressure (LP) EGR 
gas is much lower than the HP-EGR gas since the LP-EGR system is located downstream of 
the turbocharger. However, the EGR gas needs to be cooled with an aggressive EGR cooler 
before circulating back to the intake manifold. If the TEG is installed or coupled at the 
upstream of the EGR cooler, it can recover the waste thermal energy in the EGR gas and 
lower the temperature of the EGR gas. The back pressure generation from the additional 
TEG needs to be minimized by optimizing the TEG-heat exchanger geometry. 
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Figure 5.26 Proposed HP-EGR systems’ temperature control process coupled with the TEG 
 
TEGs can be used not only as energy recovery devices, but also as temperature control 
devices for exhaust system. Integration of the control valve functionality to the original engine 
control unit (ECU) will facilitate the devices to operate at optimum operating conditions while 
maximizing the overall engine performance in both warm and cold start conditions. 
5.5 Summary 
An open pipe TEG heat exchanger was fabricated and tested in SI and CI test engines 
during the experimental program. The TEG modeling results obtained in the Chapter 4 were 
comprehensively validated with the experimental results. The maximum electricity generated 
by the TEG; 68W, was observed at 3500pm and 200Nm during the testing with the diesel 
engine. Experiments were not conducted for high speeds and loads during the testing with 
gasoline engine, so as not to damage of the TEG materials. 
Following an analysis of the exhaust gas temperature profiles of both engines, it was found 
that the high temperature TE materials need to be used for SI engine applications and 
medium temperature TE materials need to be used for CI applications. Moreover, the 
segmented type TEMs will be more appropriate for gasoline engine applications where high 
temperature gradients can be obtained. 
It was suggested that the TEGs can be used not only for energy recovery, but also to control 
the temperature of the exhaust after treatment devices, i.e. catalytic converters, EGR system 
for both cold start and warm start conditions. Further investigations needs to be conducted to 
establish such systems to analyse both complexity and controllability. 
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TEG energy recovery approaches by leading automobile manufacturers were investigated 
and found that most of the research projects are still in their preliminary stages. Most of the 
research groups have published time scales to conduct different theoretical and experimental 
studies. However, none of them has forecast how long would it take for them to integrate the 
TEG systems with their products.  
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6 
6 Performance analysis of the Phase 2 
Thermo-Electric Generator  
The chapter begins with an analysis of the potential for thermo-electric generators (TEGs) in 
exhaust gas recirculation (EGR) cooling applications. It then continues with a description of 
the modeling and simulation of the Phase 2 TEG, the design of which is based on the 
geometrical configuration of the EGR cooler. Computational models of the TEG using a 1-D 
engine simulation program and an in house 0-D code are also developed, with the aim of 
using the device in the experimental program discussed in Chapter 7. Finally, a sensitivity 
analysis of the Phase 2 TEG is performed assisted by design of experiments (DoE) 
techniques to identify the most influential parameters in relation to TEG power generation. 
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6.1 Energy recovery from the EGR system in heavy 
duty diesel engine applications 
Exhaust gas recirculation (EGR) systems are used in heavy duty diesel engines, primarily as 
a mechanism to reduce the NOx formation that takes place combustion. Use of ‘cooled EGR 
systems’ in production vehicle were started in the 1990s by five major engine manufacturers 
(Cummins, Detroit Diesel, International, Mack and Volvo), to meet the proposed 2004 US on-
highway emissions regulations, which were formally introduced in 2002 under a consent 
decree [107]. The EGR system re-circulates a controlled fraction of exhaust gas, back into 
the inlet manifold to mix with the incoming airflow. In a cooled EGR system, exhaust gas is 
passed through an EGR cooler to obtain a relatively lower temperature in re-circulated 
gases, before it is mixed with the intake air. These exhaust gases, with a higher specific heat 
capacity, absorb a portion of combustion heat and prevent formation of very high 
temperature zones within the cylinder. As a result, the production of NOx is also inhibited, as 
it is a direct function of peak in-cylinder temperature.  
Two principle types of EGR systems exist and are illustrated in Figure 6.1. High pressure 
(HP) EGR systems directly transfer exhaust gas from exhaust manifold to intake manifold 
whereas, low pressure (LP) EGR transfers exhaust gas from turbine outlet to compressor 
inlet in a turbocharged system.  
 
(a)                                                                                    ( b) 
Figure 6.1 (a) High pressure (b) Low pressure, EGR Systems  
 
Both HP and LP EGR systems are usually equipped with EGR coolers to reduce the 
temperature of re-circulated exhaust gases. They also enable the use of increased exhaust 
flow rates, in order to achieve a large drop in NOx emissions as a result of reduced peak in-
cylinder temperature during the combustion.  
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It is always desirable to maintain a very low EGR temperature as far as the reduction of NOx 
is considered. However, this may result in incomplete combustion thereby raising the 
hydrocarbon (HC) and particulate matter (PM) level in the exhaust gases. On the other hand, 
lower EGR temperatures promote fouling in the EGR cooler: which results in increased 
backpressure in the exhaust system, additional load for coolant pumping and deteriorated 
engine performance [108]. 
Thus, a system with a variable coolant flow rate is needed as the temperature and the mass 
flow rate of the EGR gas varies significantly. To achieve the goal of cooling a variable flow 
rate of gas, a cooled EGR system is integrated with a number of sensors and actuators that 
are controlled and monitored by the engine control unit (ECU). Chalgren et.al. [109] found 
that a well-controlled EGR system can maintain the exhaust gas temperature with a range of 
±6% from the desired value where, for an uncontrolled system, the figure is ±50%. However, 
the outlet temperature of the EGR cooler is equally determined by the configuration and the 
heat rejection capacity of the EGR cooler as well. 
Indirect-contact; gas-liquid, shell & tube and plate-fin type heat exchangers can be identified 
as the commonly available heat exchanger configurations for EGR cooling. The heat 
exchanger geometry is optimized: maximizing the heat transfer rate while minimizing the 
pressure drop across the device within space and coolant flow constraints. The rate of heat 
rejection at the EGR cooler is mainly dependent on the engine EGR requirement and the 
location of the EGR cooler in the exhaust system.  
In current EGR systems, the thermal energy of the EGR gas is absorbed by the coolant in 
the EGR cooler and finally rejected to the environment by means of the radiator. However, 
the fuel economy of an engine can be enhanced by recovering the waste heat from the EGR 
system. In order to design a heat recovery system for particular engine, the availability of the 
EGR gas upstream of the EGR cooler must be known. For that the characteristics of the 
EGR flow in terms of both mass flow rate and temperature, for a given driving cycle has to be 
analysed. The characteristics of the EGR gas of a Caterpillar 6.6litre (CAT C6.6litre) heavy 
duty diesel engine were analysed during the present study with the aim of estimating the 
energy that can be recovered. The specifications of the fully instrumented test engine are 
given in Table 6.1.  
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Table 6.1 CAT C6.6litre heavy duty engine specifications 
Displacement 6.6litre approx 
Architecture I6 
Fuel  Diesel 
Peak Power 89-205bkW, @ 2200-2500rpm 
Bore 105mm 
Stroke 127mm 
Compression Ratio 16.2:1 
Aspiration Turbocharged, After-cooled 
Combustion system Direct Injection 
Emission control Supply with cooled EGR 
The EGR cooler’s upstream temperature and the mass flow rate were measured for the Non-
Road Transient Cycle (NRTC) as illustrated in Figure 6.3. Figure 6.2 illustrates the brake 
power of the engine over the tested drive cycle. 
 
Figure 6.2 Brake power of the engine of the EGR gas before the EGR cooler for 70% NRTC 
drive cycle 
 
The EGR mass flow rates were predicted by a 1-D engine simulation model of the Caterpillar 
6.6litre engine, which is comprehensively explained in the Section 6.4.1.   
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Figure 6.3 Mass flowrate and temperature of the EGR gas before the EGR cooler for 70% 
NRTC drive cycle 
 
Availability of the EGR flow at upstream of the EGR cooler was calculated and illustrated in 
Figures 6.4. Figure 6.5 illustrates the amount of energy that can be recovered from the EGR 
flow. The figure shows the recovery across a range of device efficiencies; 1%, 5%, 10% and 
20% respectively.  
 
Figure 6.4 The availability of the EGR gas before the EGR cooler for 70% NRTC drive cycle 
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Figure 6.5 Heat recovery using different heat exchanger efficiencies of the EGR gas before 
the EGR cooler for 70% NRTC drive cycle 
 
According to the above analysis, heat recovery from the EGR cooler in heavy duty engine 
has been identified as promising and important. If the efficiencies of implemented heat 
recovery devices are 1%, 5%, 10% and 20%, the average power of 71W, 355W, 710W and 
1.42kW respectively can be recovered over the NRTC drive cycle. Analysing the data given 
in the Table 4.11, it can be found that the alternator of a heavy duty engine can be 
downsized by 40% if the heat recovery system recovers 20% of the energy from the EGR 
system over the NRTC drive cycle.  
Thus, the TEG heat exchanger is a prime candidate to integrate and/or replace the 
conventional EGR cooler to recover waste heat in the EGR circuit as the required cooling 
water for the TEG is already supplied. The open-pipe TEG would not be suitable for the EGR 
heat recovery application, due to its low effectiveness. Therefore, a new concept TEG heat 
exchanger was designed as a compact and efficient device, similar to an EGR cooler. The 
Phase 2 TEG heat exchanger, discussed in the next section, is designed with reference to 
the configuration of aggressive EGR coolers.  
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6.2 Modelling of the Phase 2 TEG heat exchanger 
A series of 3-D CFD calculations were performed to predict the energy recovery and the 
performance of the Phase 2 TEG heat exchanger which is designed to integrate with a 
conventional EGR cooler in a heavy duty engine. This section details the CFD modelling 
techniques and geometric configurations of the proposed TEG heat exchanger. 
6.2.1 Plate-fin TEG heat exchanger configuration  
Simulation results and experimental results presented in Chapter 4 and Chapter 5 show that 
the open-pipe TEG configuration is not an efficient TEG and it’s recovered-power to weight 
ratio and recovered-power to volume ratio; 22.03W/kg and 81.186kW/m3 respectively, are 
much lower than that of the prototype plate-fin EGR cooler installed in the Caterpillar C6.6 
engine (2-3kW/kg). Plate-fin heat exchanger configuration, which has high power to weight 
ratio, was selected, aiming to enhance the effectiveness of the TEG heat exchanger by 
increasing the heat transfer area while reducing the volume of the heat exchanger.  
The selection of a plate-fin configuration is further supported by the published data [110], 
which verifies its adaptability to the limited space in the EGR path and excellent heat transfer 
performance over the EGR coolers, i.e. shell and tube. Current plate-fin TEG heat exchanger 
design consists of corrugated rectangular fins enclosed in a fin case, outer shell which 
contains the coolant, hot gas inlet and outlet manifolds and, baffles which separate the hot 
and cold fluids. Single-layer plate-fin TEG model is illustrated in Figures 6.4. Thermo-electric 
modules (TEMs) are mounted on the top and bottom surfaces of the fin case and are 
designed to be directly exposed to the coolant with the aim of enhancing the heat rejection at 
the cold side of the TEM.   
The temperature of the EGR flow varies depending on the driving cycle conditions. The 
temperature at the pre-EGR cooler of the CAT C6.6 engine varies from 400K-850K during 
the 70% NRTC drive cycle as illustrated in Figure 6.2(b). Therefore, heat exchanger 
materials were chosen considering the thermal stability as well as the cost of the TEG. 
During the simulations, it was assumed that the TEG was made out of grade 304 and 309 
stainless steel (S.S), rather than Aluminium, to meet the high temperature requirements. 
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Table 6.2 Dimensions and the materials of the single-layer plate-fin TEG 
Description Dimensions (mm) Material 
Heat exchanger length 300.00  
Rectangular fins 
• Fin thickness 
• Fin height 
 
0.25 
5.00 
S.S. grade 304 
Fin case 
• Wall thickness 
• Cross section 
 
0.60 
70.00x5.00 
S.S. grade 304 
Baffles 
• Thickness 
• Inner cross section 
• Outer cross section 
 
0.60 
70.00x5.00 
71.20x6.20 
S.S. grade 309 
Inlet and outlet gas manifolds  
• Cross section 
• Height (has irregular shape as in the figure) 
 
90.00x30.00 
30.00 
S.S. grade 309 
Shell - inlet and outlet manifolds  
• Cross section 
• Height (has irregular shape as in the figure) 
 
96.00x36.00 
30.00 
S.S. grade 309 
Outer shell  
• Cross section of the coolant container  
• Wall thickness 
 
96.00x36.00 
3.00 
S.S. grade 309 
TEMs 65.00x65.00x4.00 TE material 
Coolant inlet and outlet pipes 
• Inner diameter 
• Wall thickness 
• Height 
 
17.00 
2.00 
20.00 
S.S. grade 309 
Table 6.2 shows the dimensions and the materials used to model the single-layer plate-fin 
TEG, which is able to accommodate only 8 TEMs.   
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6.2.2 Modelling of the single-layer plate-fin TEG  
 
Figure 6.6 Single-layer plate-fin TEG heat exchanger  
 
‘Star-CCM 6.02.009’ was used for all CFD simulation work presented in this chapter and 
‘Gambit 6.3.26’ was used to generate the computational mesh. Around 5million mesh 
elements were used to accurately calculate the fluid flow characteristics of the heat 
exchanger. Single-layer plate-fin TEG heat exchanger is illustrated in Figure 6.6. Physics 
models; Coupled Energy, Coupled Flow, K-Epsilon Turbulence, Realizable K-Epsilon Two-
Layer, Reynolds-Averaged Navier-Stokes, Turbulent, Two-Layer All y+ Wall Treatment, 
Solid/Liquid/Gas, 3-D were used and solutions were obtained for Steady State conditions. A 
comprehensive discussion on these models and calculation procedures can be found in the 
Star-CCM user manual [111]. 
Contact resistance between the TEM surfaces and fin case surfaces were ignored during the 
simulations. All external boundaries surrounded by the outer shell were defined as 
convective solid surfaces with a temperature of 300K and a convective coefficient of 10Wm-2. 
Hot gas and coolant inlets were considered as mass flow inlet boundaries and the hot gas 
and coolant outlets as constant pressure outlets. Dimensions of the TEMs were assumed as 
65mm*65mm*4mm similar to the commercially available HZ14 TEMs. The fluid flow 
directions were defined to simulate a counter flow heat exchanger configuration. 12 
simulation cases were performed and the respected boundary conditions are given in Table 
6.3. Hot gas mass flow rates and hot gas temperatures were selected to represent the 
average flow conditions of the EGR gas of a heavy duty diesel engine. Coolant flow rates 
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and temperatures were also selected considering the coolant inlet conditions of a standard 
EGR cooler of a heavy duty diesel engine. Different  values were selected with the aim of 
studying the performance of the TEG for improved TE materials. 
Table 6.3 Boundary conditions of single-layer plate-fin TEG 
Case 
Hot gas  Coolant TEMs 
  (kg/s)   (K)    (kg/s)  (K)  
1 0.05 700 0.2 300 0.97 
2 0.05 700 0.5 300 0.97 
3 0.05 700 0.7 300 0.97 
4 0.05 700 0.2 283 0.97 
5 0.05 700 0.2 363 0.97 
6 0.05 700 0.2 300 0.97 
7 0.05 700 0.2 300 0.97 
8 0.01 700 0.2 300 0.97 
9 0.05 600 0.2 300 0.97 
10 0.05 500 0.2 300 0.97 
11 0.05 700 0.2 300 1.87 
12 0.05 700 0.2 300 2.83 
 values of the TEMs were calculated from Eq (3.119).  
All CFD simulations were performed in the university High-Performance-computer Cluster 
(HPC), Hydra, with the parallel processing facility provided by ‘Star-CCM’. Hydra cluster is 
supplied by Bull and has 161 compute nodes, 1956-cores having 64-bit Intel Xeon 
Processors. The simulations were performed on 2 nodes, using 24 processors. 
Power generation characteristics, hot and cold surface temperature profiles and energy flow 
distribution of TEMs were analysed from the simulation results and are presented in the next 
section. 
6.3 Results – Single-layer plate-fin TEG model 
Illustrated in Figure 6.7 is the TEGs power generation response from all 8 TEMs in the TEG 
for different boundary conditions given in the Table 6.3 (tem1-tem4 represent the TEMs 
mounted from left to right on the top surface and, tem5-tem8 represent the TEMs mounted 
from left-right on the bottom surface of the plate-fin TEG shown in Figure 6.6). According to 
the results, it can be seen that the power generation by the TEG increases with increased  
values. However, currently available commercial TEMs are fabricated from bulk TE materials 
for which  <1, and hence, power generation by these TEMs is significantly lower compared 
with modules that incorporate more efficient TE materials. Perfect surface contacts were 
assumed during the simulations and therefore, actual power generation by the TEGs could 
be slightly less than the simulated results. The thermal and electrical resistances of a TEM 
are taken from the experimentally measured values and are difficult to predict as those 
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values depend on a number of parameters i.e. TEM geometry, joint quality, joining technique, 
the joining materials (TE material, electrical conducting material and thermal conducting 
material) and operating temperatures.  
 
Figure 6.7 Power generated by the single-layer plate-fin TEG for different B.Cs 
 
The hot and cold surfaces temperature profiles for the top-row of TEMs are given in Table 
6.4. Results show that the hot surface temperature varies from 450K-600K at 700K gas-inlet 
temperature. Moreover, it can be seen that the cold side temperature depends principally on 
the inlet conditions of the coolant.  
Table 6.4 TEGs’ top-row TEMs hot and cold surfaces temperature profiles 
Case ,	 
(K) 

,	  
(K) 
,	  
(K) 
,	  
(K) 
,  
(K) 

,  
 (K) 
,  
 (K) 
,  
 (K) 
1 585.94 574.98 563.51 526.00 398.57 402.63 406.57 342.87 
2 564.85 554.04 536.36 504.80 358.85 372.99 363.41 320.43 
3 559.45 543.42 528.06 499.21 348.35 350.97 352.38 314.85 
4 580.98 569.43 557.18 517.48 386.81 390.82 394.43 327.81 
5 603.84 595.43 586.86 555.91 442.04 446.41 451.50 398.50 
6 585.94 574.98 563.51 526.00 398.57 402.63 406.57 342.87 
7 585.94 574.98 563.51 526.00 398.57 402.63 406.57 342.87 
8 479.88 446.21 418.75 378.50 359.43 354.14 349.59 315.49 
9 520.00 512.26 504.26 476.25 376.14 379.48 382.79 333.54 
10 453.39 448.80 444.40 425.94 353.35 355.93 358.65 324.03 
11 584.10 572.99 561.52 523.90 396.66 400.67 404.66 341.78 
12 582.20 571.00 559.50 521.80 394.80 398.70 402.60 340.70 
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Figure 6.8 illustrates the hot and cold surface temperatures of TEMs analysed in Case 1. The 
difference in these two temperatures seems to diminish along the TEG axis. The  value 
depends on the average temperature of the hot and cold junctions. In addition,  values of 
TEMs vary with the operating temperature as illustrated in Figure 2.13. The maximum  of 
the material can only be obtained at a specific best operating temperature for a given 
material. As a consequence, when a TEM operates at a large ∆, the TEM may not be able 
to generate its maximum power all the time. During the simulation, this complex effect of the 
TE material was not simulated and instead, it was assumed the TEM generates its maximum 
power all the time. If the heat exchanger is as efficient as a plate-fin TEG and if it is able to 
create large ∆ across the TEMs, the best option would be to use segmented TEMs having 
number of different TE layers to each operate at their maximum .  
 
Figure 6.8 Hot and cold side temperature profiles of TEMs in case 1 
 
Figure 6.9 illustrates the power generation characteristics by TEMs on the top and bottom 
surfaces of the fin case in case 1. According to the Figure 6.8, it can be seen that the hot 
surface temperatures of the TEMs continuously decreases corresponding the temperature 
decrease of the main exhaust flow as it flows through the TEG heat exchanger. Therefore, 
the temperature difference across a TEM decreases and hence the power generated by the 
TEM also decreases. It is interesting to see that TEM4 on both top and bottom surfaces 
always generates similar power output as the TEM1. This is because, in the counter flow 
heat exchanger configuration, cold surface temperature of TEM4 is lowest (seeing the 
incoming coolant temperature) and even with a lower hot surface temperature is able to 
create larger ∆ across TEM, resulting in the high power output. 
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Figure 6.9 Power generated by TEMs in case 1 
 
Energy flow across the TEMs and the conversion efficiencies are calculated and illustrated in 
the Table 6.5. According to the calculated results, it can be seen that the conversion 
efficiencies (Eq (6.1)) of TEMs becomes very low when the   1, and increases with 
increasing  values of the TE material.  
 
		
		  (6.1) 
Where, -conversation efficiency, 		-electricity generated by TEM and 		-total 
heat transfer through TEM hot surface 
Table 6.5 Energy flow across a TEM and the conversion efficiency of a TEM 
Case 
,	  
(W) 

,	  
 (W) 
,	  
 (W) 
,	  
 (W) 
,  
 (W) 

,
 (W) 
,
 (W) 
, 
(W) 
, 
(%) 

, 
(%) 
,
 (%) 
, 
(%) 
1 524.4 478.4 443.5 528.4 19.85 16.80 13.93 18.96 3.78 3.51 3.14 3.59 
2 569.2 515.8 476.8 532.6 23.99 18.53 16.90 19.22 3.94 3.65 3.28 3.58 
3 614.0 553.3 510.1 536.9 25.20 20.94 17.45 19.22 4.10 3.78 3.42 3.58 
4 544.2 496.1 460.3 548.9 21.32 18.04 14.98 20.42 3.92 3.64 3.25 3.72 
5 451.1 412.3 381.3 452.9 14.80 12.56 10.36 14.01 3.28 3.05 2.72 3.09 
6 524.4 478.4 443.5 528.4 19.85 16.80 13.93 18.96 3.78 3.51 3.14 3.59 
7 524.4 478.4 443.5 528.4 19.85 16.80 13.93 18.96 3.78 3.51 3.14 3.59 
8 334.1 252.4 192.3 177.3 8.20 4.79 2.70 2.24 2.46 1.90 1.41 1.27 
9 401.1 367.2 342.2 410.3 11.71 9.97 8.34 11.51 2.92 2.72 2.44 2.81 
10 277.7 255.9 240.8 292.0 5.66 4.88 4.16 5.87 2.04 1.91 1.73 2.01 
11 533.9 486.1 449.7 534.2 39.73 33.58 27.82 37.51 7.44 6.91 6.19 7.02 
12 543.2 493.2 455.8 539.9 59.62 50.34 41.69 55.65 10.98 10.21 9.15 10.31 
The temperature drop and pressure drop of the hot gas flow, across the TEG are illustrated 
in Figure 6.10. The results show that the pressure drop across the TEG is highly sensitive to 
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the hot gas flow rate and significantly decreases for lower flow rates. The TEG was found to 
produce a low pressure drop, which is 10% of the actual pressure drop created by a 
conventional EGR cooler of a heavy duty engine. Moreover, it is noticeable that the 
temperature difference across the TEG is directly proportional to the power generation of the 
TEG, apart from Case 11 and Case 12. Heat flux on the TEM hot surfaces in Case 11 and 
Case 12 are similar to that of Case 1. However, the  and the conversion efficiency of TE 
materials are much higher in these cases than the Case 1. As a result, much higher power 
for the same heat flux is generated, while the temperature difference is of the same order.  
 
Figure 6.10 Temperature and pressure drop of the hot gas flow across the TEG  
 
Table 6.6 illustrates the comparison of the performance of open-pipe TEG versus the single-
layer plate-fin TEG for the boundary conditions in Case 1 of Table 6.3.  
Table 6.6 Comparison of the power generated by open-pipe and plate-fin TEGs 
Parameter Open-pipe TEG Plate-fin TEG 
Power generated by the device (W) 13.3 139.1 
Temperature drop across the device (K) 35.0 86.1 
According to all the simulation results, it can be clearly seen that the plate-fin TEG is much 
more efficient than the open-pipe TEG investigated in Chapter 4. The data supports the 
conclusion that the continuing investigation should be based on the plate-fin TEG with the 
open pipe TEG acting as a benchmark.  
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6.4 Modelling of the single-layer plate-fin TEG using 
GT-Power  
The single-layer plate-fin TEG was modelled in GT-Power 1-D software, to predict the TEG 
heat recovery and fuel economy characteristics over a drive cycle. Even though the accuracy 
of the 1-D models is slightly less than that of 3-D models, typically 1-5% depending on the 
application [112], computation time of 1-D models are very much less than the 3-D models 
and hence, more effective in identifying optimal conditions. However, it is possible to develop 
a 1-D model validated against the 3-D results and experimental data with advanced 
experimental techniques as discuss in Chapter 7. The next section details the modelling of a 
1-D TEG GT-Power model and coupling with a 1-D engine model to analyse the transient 
characteristics of the TEG when installed on an engine.  
6.4.1 GT-Power single-layer plate-fin TEG model 
A Caterpillar C6.6litre engine (specifications are given in the Table 6.1), was modelled in the 
GT-Power and validated against the experimental data as illustrated in the Figure 6.11 [113]. 
The 1-D engine model consists of standard ‘DIJet’ combustion sub model to define the 
injection system, cylinder geometry, valve lift and valve timing and; ‘WoschniGT’ heat 
transfer sub model to define the heat transfer components of the intake and exhaust 
systems; and a fluid flow sub model to define the engine heat transfer and the flow through 
the intake and exhaust systems (GT-Power user manual was referred during the formulation 
of the model) [114]. The turbocharger sub model consist of turbine and compressor maps 
(supplied by Garrett) to obtain the desired engine boost pressures. The ECU of the engine 
was also simulated as another sub-model which controls the turbocharger, EGR system, and 
the injection system of the vehicle. The results of extensive experimental investigations were 
used to calibrate the models through both steady state and transient engine operation. 
During the simulation, the TEG model will be positioned in the high pressure (HP) EGR path 
of the engine model. 
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Figure 6.11 Caterpillar C6.6 engine – GT-Power model 
 
Figure 6.12 illustrates the single-layer plate-fin TEG GT-Power model, which accommodates 
8 TEMs. TEM properties i.e. Seebeck coefficient, internal resistance, thermal resistance, TE 
material properties, cross sectional area and module thickness were defined in the GT-
Power ‘ThermoElectricModule’ template. As shown in the figure, voltage, current and power 
generated by the TEM was recorded using ‘RLTCreatorSuper’ objects. Thermal inertia of the 
pipe wall and the thermal resistances at the walls were defined as ‘ThermalMass’ and 
‘ThermalResistance’ objects. External load resistance was defined as a ‘ResistorConn’ 
object. 
Used thermoelectric module parameters are; Seebeck coefficients of TE materials-375µV/K 
and 520µV/K, total module resistance-0.15Ω and module dimensions-65mm*65mm*4mm. 
The thermal resistance at junctions were neglected. The hot gas in/out were connected to 
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the EGR circuit. During the simulations, the coolant inlet mass flowrate and the inlet 
temperatures were kept constant and the mass flow rate was not changed according to the 
varying EGR percentage.  
 
Figure 6.12 Single-layer plater-fin TEG GT-Power model 
 
The 1-D TEG model was first validated with the 3-D TEG model for different steady state 
boundary conditions. Then it was linked with the validated 1-D engine model. The speeds 
and loads of the drive cycle were defined in the ECU to run the engine model over a transient 
test cycle. 
6.4.2 Results – GT-Power model 
As explained above, the 1-D GT-Power TEG model was first validated with 3-D CFD TEG 
model for S.S. conditions. Figure 6.13 (a) and Figure 6.13 (b) illustrate the predictions for 
power and pressure of the 1-D model against the 3-D model and it is evident that their 
predictions agree with each other to within 10% accuracy. 
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Figure 6.13 Validation of the 1-D TEG model with the 3-D model (a) Power and (b) Pressure 
 
Power generated by the plate-fin TEG over the NRTC drive cycle is shown in the Figure 
6.14. It can be seen from the figure that the maximum of 117W  and average of 40W can be 
recovered over the drive cycle by using the TE meaterials ( 1 and Seebeck coefficient-
375µV/K) in the plate-fin TEG which was designed to accomodate for 8TEMs. Energy 
recovery by the device is strongly corelated with the availability of the EGR flow as illustrated 
in the Figure 6.4. Furthermore, it was calculated that the 8 TEM-TEG installed in the EGR 
path is able to save average of 0.04% of total fuel requirement per drive cycle. However, by 
increasing the number of TEMs in the TEG i.e. applying a multi-layer plate-fin TEG, more 
energy will be able to recover in the EGR path over the drive cycle. For example, by installing 
a multi-layer plate-fin TEG with 32 TEMs, will be able to recover average of 160W per drive 
cycle while saving around 0.16% of total fuel requirement per drive cycle. 
 
Figure 6.14 Power generated by the TEG over the NRTC drice cycle (S-375µV/K) 
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Figure 6.15 illustrates the pressure drop across the device over the drive cycle. It can be 
seen that the pressure drop across the TEG is directly proportional to the EGR mass flow 
rate as illustrated in Figure 6.3. The result shows that the pressure drop across the TEG 
varies from 0.2-4.2kPa with an average pressure drop of 1.79kPa over the drive cycle. 
Interestingly, the maximum pressure drop; 4.2kPa, by the TEG was found to be less than 
10% of the actual pressure drop created by the present EGR cooler of the engine. The 
pressure drop created by a heat exchanger, directly proportional to the heat transfer rate 
across the device as explained in the Section 4.1.1. According to the Reynolds analogy (as 
discussed in Section 4.1), it can be confirmed that the pressure drop created by the TEG is 
significantly smaller than the EGR cooler as a result of low heat transfer rate across the TEG.    
 
Figure 6.15 Pressure drop across the TEG during the NRTC drive cycle 
 
Energy recovery by the TEG was predicted for improved material properties by increasing 
the Seebeck coefficient to 520µV/K (  2). Figure 6.16 shows that the TEG with improved 
TE materials can enhance the energy recovery significantly. The maximum recovered power 
by the TEG was recorded as 170W with 8 TEMs in the TEG with average of 60W over the 
drive cycle. Further calculations show that the TEG with 8 TEMs is able to save 0.06% of 
total fuel requirement for a drive cycle. 
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Figure 6.16 Power generated by the TEG over the NRTC drice cycle (S-520µV/K) 
 
The GT-Power results show that the plate-fin TEG recovers a significant amount of energy 
from the NRTC drive cycle when it is positioned in the EGR path of a medium duty engine. 
Moreover, the results show that the pressure drop across the device is very much smaller 
than that of a standard EGR cooler accompanies with the engine. However, according to the 
‘Reynolds analogy correlations’ given in Table 4.1, pressure drop of the TEG heat exchanger 
increases when increasing the heat transfer rate through the TEG.      
6.5 Sensitivity analysis for TEG power generation 
Power generation by the TEG depends on a number of different parameters i.e. respective 
hot gas and coolant inlet temperatures and mass flow rates; TE material parameters i.e. 
Seebeck coefficient, resistivity and thermal conductivity; thermoelectric module thickness and 
etc. Therefore, a sensitivity analysis was conducted to investigate the most influencing 
parameters for the power generation of a TEG, as the power output of the system depends 
on many control parameters as explained above.  
The sensitivity analysis was based on the ‘fractional factorial design of experiments (DoE)’ 
method to minimize the number of simulations required for the analysis. A plate-fin TEG 
which has 2-TEMs as illustrated in Figure 6.17, was analysed using ‘Star-CCM 6.02.009’ for 
different boundary conditions according to the DoE methods. TEG with 2 TEMs was used for 
the simulation program to reduce the computational time. The following sub sections explain 
the sensitivity analysis methodology and the results obtained from the simulations. 
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6.5.1 Design of Experiments (DoE) for TEG  
Figure 6.17 illustrates the TEG, consists of 2-TEMs used for the sensitivity analysis. 7 main 
parameters; hot gas mass flow rate, hot gas temperature, coolant mass flow rate, coolant 
temperature, Seebeck coefficient, resistivity and thermal conductivity of the TE material were 
chosen as the main input parameters for the model.  
 
Figure 6.17 Plate-fin TEG incudes 2 TEMs  
 
When the number of model parameters is 7, a two level full factorial design will be 27, implies 
that 128 simulations need to be carried out to investigate the most influential input 
parameters for the output. The requirement of large resources and computational time can 
be eliminated by carefully chosen good number of designs from the full factorial design. The 
fractional factorial experiment in which, only an adequately chosen fraction of the treatment 
combinations required for the complete factorial experiment is selected to be run.  
Number of simulations for the design of experiments was chosen according to  2 !", where 
k-number of levels, p-generators and r-resolution [115]. In this analysis, 7 parameters, 2 
levels, 4 (IV) resolution and 3 generators were chosen aiming to obtain 1/4th of the fully 
factorial design. As the resolution is 4 (IV), main effects and two factor interactions are not 
confounded. Main effects are only confounded with three or higher factor interactions and 
even though the number of simulations reduces in 1/4th of the full factorial DoE. Therefore, 
the selected number of simulations can be considered as a good design of experiments. 
Table 6.7 illustrates the values used for low and high levels of all 7 parameters.  	 (kg/s), 
	 (K),   (kg/s),  (K), Seebeck (µV/K), resistivity (mΩ.cm) and thermal (W/mK) 
represent the hot mass flow rate, hot flow temperature, cold mass flow rate, cold flow 
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temperature, TE material Seebeck coefficient, resistivity and thermal conductivity 
respectively. 
Table 6.7 Low and high values of the in put parameters 
 	 
(kg/s) 
	  
(K) 
  
(kg/s) 
	  
(K) 
Seebeck 
(µV/K) 
Resistivity 
(mΩ.cm) 
Thermal 
(W/mK) 
- 0.025 600 0.02 300 322.5 1.6875 1.3125 
+ 0.050 700 0.05 350 430.0 2.2000 1.7500 
Table 6.8 illustrates the 2#!(=16) fractional factorial design for the sensitivity analysis of the 
TEG. 
Table 6.8 Fractional factorial design for the TEG 
 	 	    	 Seebeck Resistivity Thermal 
1 - - - - - - - 
2 + - - - + - + 
3 - + - - + + - 
4 + + - - - + + 
5 - - + - + + + 
6 + - + - - + - 
7 - + + - - - + 
8 + + + - + - - 
9 - - - + - + + 
10 + - - + + + - 
11 - + - + + - + 
12 + + - + - - - 
13 - - + + + - - 
14 + - + + - - + 
15 - + + + - + - 
16 + + + + + + + 
The CFD simulations were performed in ‘Star-CCM’ for above boundary conditions and the 
obtained results are discussed in the next section. 
6.5.2 Results analysis of the DoE  
Power generated by 2 TEMs for different boundary conditions, which were chosen according 
to the fractional factorial method are shown in the Table 6.9. 
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Table 6.9 Fractional factorial design and the results 
 	 
(kg/s) 
	  
(K) 
  
(kg/s) 
	  
(K) 
Seebeck 
(µV/K) 
Resistivity 
(mΩ.cm) 
Thermal 
(W/mK) 
TEG 
Power 
(W) 
1 0.025 600 0.02 300 322.5 1.6875 1.3125 24.171 
2 0.050 600 0.02 300 430.0 1.6875 1.7500 52.898 
3 0.025 700 0.02 300 430.0 2.2000 1.3125 57.415 
4 0.050 700 0.02 300 322.5 2.2000 1.7500 40.033 
5 0.025 600 0.05 300 430.0 2.2000 1.7500 36.787 
6 0.050 600 0.05 300 322.5 2.2000 1.3125 26.012 
7 0.025 700 0.05 300 322.5 1.6875 1.7500 47.322 
8 0.050 700 0.05 300 430.0 1.6875 1.3125 104.932 
9 0.025 600 0.02 350 322.5 2.2000 1.7500 12.853 
10 0.050 600 0.02 350 430.0 2.2000 1.3125 28.362 
11 0.025 700 0.02 350 430.0 1.6875 1.7500 57.243 
12 0.050 700 0.02 350 322.5 1.6875 1.3125 40.078 
13 0.025 600 0.05 350 430.0 1.6875 1.3125 33.289 
14 0.050 600 0.05 350 322.5 1.6875 1.7500 23.722 
15 0.025 700 0.05 350 322.5 2.2000 1.3125 27.873 
16 0.050 700 0.05 350 430.0 2.2000 1.7500 62.013 
Main effect which is the sole effect of an input parameter without interactions of other 
parameters, when a parameter changes from (-) to (+) (low to high level) was calculated as 
shown in the Table 6.10. Power generation by the TEG was used as the observed output of 
a simulation and hence, calculations were performed base on output powers of different 
simulation cases.  
Table 6.10 Calculating the main effects 
Factor Effect description Main effect (W) 
1 Changing hot gas mass flow rate from 0.025-0.050 kg/s 10.14 
2 Changing hot gas temperature from 600-700 K 24.85 
3 Changing coolant mass flow rate from 0.02-0.05 kg/s 6.11 
4 Changing coolant temperature from 300-350 K -13.02 
5 
Changing Seebeck Coefficient of TE material from 322.5-
430.0 µV/K 
23.86 
6 Changing resistivity of TE material from 1.6875-2.200 mΩ.cm -11.54 
7 
Changing thermal conductivity of TE material from 1.31-1.75 
W/mK 
-1.16 
According to the results, it can be seen that the TEG power generation is highly sensitive to 
the inlet temperature of the hot gas and the Seebeck coefficient of the TE material. Power 
generation by the TEG can be significantly increased by increasing the inlet temperature of 
the hot gas and the Seebeck coefficient of the TE material. Moreover, it can be seen that the 
TEG power generation significantly decreases when increasing the coolant temperature and 
the resistivity of the TE material. Thus, the temperature of the coolant needs to be reduced 
as much as possible: high coolant temperatures cause to decrease the TEG output power.  
Conversion efficiency and power generation by TEGs increases when increasing the thermo-
electric figure of merit, , of the TE materials as shown in Eq (2.1) and Figure 2.13.  of the 
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TE material increases when increasing the Seebeck coefficient while decreasing the 
electrical resistivity and thermal conductivity as shown on Eq (2.2). As a result, TEG power 
generation can be boosted by increasing the Seebeck coefficient of the TE material whereas; 
it decreases when increasing the resistivity. The TEG power generation response to the 
thermal conductivity of the TE material was found to be negligible. 
Results also suggest that the TEG power generation can be enhanced by increasing the 
Seebeck coefficient while reducing the resistivity of the TE material. As a consequence, TE 
material specialists should be more concerned about Seebeck coefficient of the material 
during the material synthesis programmes.  
6.5.3 Power generation for different TE leg lengths 
Power generation by a TEM for different TE leg lengths (different TEM thicknesses) were 
studied in this section. The same TEG geometry illustrated in the Figure 6.17 was used by 
only modifying the TEM thicknesses. All simulations were performed using ‘Star-CCM 
6.02.009’. Three different TE leg lengths were studied, by defining the same boundary 
conditions for all three cases as shown in the Table 6.11. 
Table 6.11 Boundary conditions and the results 
 2mm thick-TEM 4mm thick-TEM 6mm thick-TEM 
	 (kg/s) 0.05 0.05 0.05 
	 (K) 700 700 700 
 (kg/s) 0.05 0.05 0.05 
 (K) 300 300 300 
Leg length (mm) 2 4 6 
Seebeck Co. (µV/K) 430 430 430 
Thermal conductivity (W/mK) 1.75 1.75 1.75 
Resistivity (mΩ.cm) 2.2 2.2 2.2 
Constant for the  154.37 38.60 17.15 
TEM volume (mm3) 9800 19600 29400 
Figure 6.18 shows the average hot and cold surface temperatures of TEMs having different 
TE leg length or thickness. According to the results, it can be seen that the temperature 
difference across the TEM increases while increasing the TE leg length.  
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Figure 6.18 Average hot and cold surface temperatures of TEMs having different thicknesses 
 
Power generated by the TEG for different TE leg lengths are shown in Figure 6.19. The trend 
line of the power is also plotted in the same figure. It can be noted that the power generation 
by the TEG is not directly proportional to the temperature difference across the TEG. By 
carefully analysing the trend line, it can be identified that the power generation by a TEM has 
a maximum for a given TE leg length and for this study; the power generation becomes 
maximum when the TE leg length is 3.3mm. It can be further emphasised as, for the given 
TE material properties and for the given TEM geometry, the optimum TEM thickness is 
3.3mm. 
 
Figure 6.19 Power generated by the TEG for different TE leg lengths 
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6.5.4 Enhancing the heat transfer rate at TEM cold surface 
The simulation results of the Section 6.3.1, Section 6.5.2 and Section 6.5.3 show that the 
TEM cold surface temperatures of the plate-fin TEG heat exchanger are much higher than 
the coolant inlet temperatures and, shown that the response to the coolant mass flow rate 
and coolant temperature is very low. Analysing the above issues, it was decided to analyse 
the TEG performance by increasing the area at the TEM cold surface by means of a finned 
heat sink (assuming the fin material as Aluminium) as shown in the Figure 6.20. The new 
figure is a modified version of Figure 6.17. The new TEG was analysed using ‘Star-CCM 
6.02.009’.  
 
Figure 6.20 Plate-fin TEG consists of 2 TEMs – enahanced TEM cold surface area 
 
Table 6.12 shows the boundary conditions of the two simulations which were used to 
compare the effect of enhanced surface at the cold surface of the TEG. Two cases were 
performed for 4mm thick TEM as explained in the Section 6.5.3 and the only difference of the 
two cases is the presence of a finned surface at the TEM cold surface in the case 2.  All the 
other material properties were kept constant for the both cases. 
Table 6.12 Boundary conditions and the results 
 Withoutfins4mm (Case 1) Withfins4mm (Case 2) 
	 (kg/s) 0.05 0.05 
	 (K) 700 700 
 (kg/s) 0.05 0.05 
 (K) 300 300 
Leg length 4 4 
Seebeck Co. (µV/K) 430 430 
Thermal conductivity (W/mK) 1.75 1.75 
Resistivity (mΩ.cm) 2.2 2.2 
Constant for the  38.5923 38.5923 
TEM volume (mm3) 19600 19600 
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Figure 6.21 illustrates the average hot and cold surface temperature profiles at the TEM cold 
surface for, with and without fins. According to the simulation results, it can be seen that the 
TEM having fins at the cold surface results in a reduction of 32˚C in temperature than that of 
without fins at the cold surface.  
 
Figure 6.21 Average hot and cold surface temperatures of the TEG – without and with fins at 
the  TEM cold surface 
 
Temperature difference across the TEM can be increased by lowering the cold surface 
temperature. According to the Eq (6.3), power generation by the TEG increases with 
increasing the temperature difference, if the other geometrical parameters and the material 
properties of the TEM are kept constant. Figure 6.22 illustrates the power generation by the 
TEG for without and with fins at the TEM cold surface and, confirms that the power 
generation increases with increased temperature differences by lowering the cold surface 
temperature (approximately 0.364WK-1).    
 
Figure 6.22 Power generated by the TEG – without and with fins at the  TEM cold surface 
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The simulated fin profile in this study is able to enhance the TEG power generation by 20% 
according to the results. Therefore, it is demonstrated that, by incorporating the extended fins 
at the cold surface is able to augment the power generation significantly. 
6.6 TEG scalable model  
6.6.1 Advantages of a scalable model 
Performance of different TEG geometries for different boundary conditions were analysed 
using 3-D CFD software ‘Star-CCM’, and 1-D engine simulation software ‘GT-Power’ during 
the previous sections. 3-D models predict very accurate results when compared with 1-D 
models, but with the drawback of expensive computation time. A number of complex user 
defined functions (UDFs) need to be used to accurately model the thermoelectric 
phenomena in such commercial 3-D CFD codes i.e. Star-CCM and Ansys-Fluent, due to 
their modelling limitations. On the other hand, some 1-D engine simulation software 
providers like Gamma Technologies (GT-Power), who are concerned with overall vehicle 
energy management including energy recovery systems, have provided the facility to model 
the TEM with reasonable accuracy. However in 1-D models, some of the heat transfer 
parameters required to accurately model the TEM have to be obtained by a 3D-CFD 
simulation results or from experimental results.  
Considering some modelling difficulties and issues with computational time of commercial 
software’s, a 0-D in-house software code was written to accomplish the following objectives: 
• fast computational ability with comparatively to 1-D and 3-D commercial software’s 
• use for real-time (RT) experiments (as explained in Chapter 7) 
• optimize different parameters of TEG systems by integrating the 0-D code with 
SIMULINK optimization tool box 
A scalable TEG model was programmed using ‘Fortran 90’, solving the energy equations and 
thermo-electric equations as explained in the next sections. The program was written with 
the flexibility of user definition of heat exchanger parameters, the TE material and the module 
parameters, with the aim of obtaining the power generation and temperature profiles of the 
TEG quickly and to make it available for general public to study about the characteristics of 
the TEG energy recovery systems. 
An important function of the 0-D scalable model is to optimize different control parameters of 
the TEG heat exchanger and to use the parameters for the real time (RT) experimental 
program discussed in Chapter 7. It forms an alternative technique to the TEG Neural 
Network (NN) model and the GT-Power model. 
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6.6.2 Programming of the scalable model 
Energy flow across a TEM is illustrated in Figure 6.23. The scalable model was developed 
using energy equations and thermo-electric equations, making the following assumptions. 
 
Figure 6.23 Energy flow across a TEM 
 
Assumptions: 
• Decomposition and oxidation at TEM surfaces were neglected 
• TEM is a solid block. Air gaps between the p-n legs are neglected. Resistance at the 
joints, p-n legs & Copper, Copper & Ceramic layers are ignored (however, 
resistances can be easily defined if available) 
• Planar thermoelectric modules (TEMs) 
• Thermal expansion at joints are similar and hence neglected the effects 
• Single layered thermo-couples are considered 
• Power generation is defined by a function, which calculates the maximum power 
generated by the TEM for a given hot-cold surface difference. Internal electrical 
resistivity is also included in the equation  
• Heat transfer was evaluated solving only energy equations   
• Boundary layer effects were neglected in both hot and cold fluid channels 
• Thermo-physical properties were considered as temperature independent properties, 
since the thermo-physical properties of materials were not linked to a material data 
base yet (conduction coefficient, Seebeck coefficient, resistivity and etc) 
• Fluid convection coefficients were calculated using geometry specific empirical 
formulae 
• Radiation and convection heat losses to the ambient at the TEG outer surfaces were 
neglected  
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Eq (6.2), Eq (6.3) and Eq (6.4) can be written by applying the 1st law of thermodynamics to 
the TEM, 
 $ %     (6.2) 
& $ #     (6.3) 
 $   ' (6.4) 
The above equations are further expanded as shown in the following Eq (6.5) to Eq (6.11.) 
 $ %   (",),* $ ,+	, (6.5) 
  -.) $ , (6.6) 
  /01 2 3.) $ 
, $ 12 1

456 (6.7) 
  /0
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456 (6.8) 
'  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 (6.9) 
  -
.)
 $ , (6.10) 
& $ #   (",),+	 $ ,*, (6.11) 
Where, 1  7)8!9,
: , 4 
;
<8,  
=,>?@=,=AB

     
C,>?@C,=AB

  and -heat transfer rate, '-
TEM power generation,  -mass flow rate, ("-specific heat capacity, -temperature, --
convection coefficient, .-area, 0-Seebeck coefficient, 1-current, 3-thermal conductivity, 4-
internal resistance, 6-number of thermocouples in a TEM 
Convection heat transfer coefficients, - and -
 can be calculated from geometry specific 
empirical formulae. For the plate-fin TEG, Nusselt number correlation for a square cross 
section was selected and, the modified Dittus-Boelter equation for heating is shown by Eq 
(6.12),  
6DE  0.0234IJ.KLJ. (6.12) 
‘Newton-Raphson method’ was used to calculate the power generation and temperature 
profiles of the TEG by simultaneously solving the equation set. The in-detail approximation 
techniques and the ‘Fortran code’ of the scalable TEG model are attached in Appendix C. 
6.6.3 Analysed results from the scalable model 
Power generation predictions calculated by the scalable TEG model was compared with 3-D 
CFD results obtained in the Section 6.5.2 for the same boundary conditions as shown in the 
Table 6.13.  
 
 
Chapter 6: Performance analysis of the Phase 2 Thermo-Electric Generator 
 
Loughborough University 181 
 
Table 6.13 Boundary conditions and the results 
 
 	 (kg/s) 	 (K)   (kg/s) 
	 
(K) 
Seebeck 
(µV/K) 
Resistivity 
(mΩ.cm) 
Thermal 
(W/mK) 
3-D 
(W) 
1-D 
(W) 
1 0.025 600 0.02 300 322.5 1.6875 1.3125 12.09 14.49 
2 0.050 600 0.02 300 430.0 1.6875 1.7500 26.45 23.01 
3 0.025 700 0.02 300 430.0 2.2000 1.3125 28.71 28.26 
4 0.050 700 0.02 300 322.5 2.2000 1.7500 20.02 24.11 
5 0.025 600 0.05 300 430.0 2.2000 1.7500 18.39 18.51 
6 0.050 600 0.05 300 322.5 2.2000 1.3125 13.01 14.88 
7 0.025 700 0.05 300 322.5 1.6875 1.7500 23.66 26.47 
8 0.050 700 0.05 300 430.0 1.6875 1.3125 52.47 44.33 
9 0.025 600 0.02 350 322.5 2.2000 1.7500 6.43 8.44 
10 0.050 600 0.02 350 430.0 2.2000 1.3125 14.18 13.64 
11 0.025 700 0.02 350 430.0 1.6875 1.7500 28.62 22.77 
12 0.050 700 0.02 350 322.5 1.6875 1.3125 20.04 21.52 
13 0.025 600 0.05 350 430.0 1.6875 1.3125 16.64 14.06 
14 0.050 600 0.05 350 322.5 1.6875 1.7500 11.86 12.40 
15 0.025 700 0.05 350 322.5 2.2000 1.3125 13.94 16.98 
16 0.050 700 0.05 350 430.0 2.2000 1.7500 31.01 28.64 
Figure 6.24 illustrates the comparison of the power generation, predicted by the 3-D and 0-D 
models. Average error and deviation of the 0-D results from 3-D results were calculated and 
for all 16 cases it was found to be around 12% and shown that the scalable model predicts 
accurate results. 
 
Figure 6.24 Comparing the 3-D results and 1-D scalable model results 
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It was found that the computation time of the scalable model is much faster (around 3 times) 
than the 1-D GT-Power model and was proven that the model can be used for RT-testing 
described in Chapter 7. The scalable model is expected to be made available for the general 
public in the public website of the TEG group. 
6.7 Summary 
Availability analysis of the EGR gas in a heavy duty diesel engine shows that up to 20kW 
thermal energy is available to recover in the EGR system at peak operating conditions of the 
engine. The plate-fin TEG heat exchanger was found to be more efficient than the open-pipe 
TEG in Chapter 4 and shows more promise for inclusion in the EGR path due to high heat 
rejection rate. The multi-layer plate-fin TEG, designed with more TEMs than the single-layer 
TEG, shows the ability of recovering more energy from the EGR flow.  
In addition, the TEG was modelled; using a GT-Power code and bespoke Fortran code, and 
validated against 3-D CFD results to utilise in the experimental program presented in 
Chapter 7. Furthermore, the GT-Power 1-D TEG model was coupled with a heavy duty 
engine model and obtained the energy recovery over a drive cycle. The results show that the 
8-TEM plate-fin TEG is able to recover maximum of 117W and average of 40W over the 
NRTC drive cycle. Modelling work further suggested more energy can be recovered using 
efficient thermoelectric materials. 
Sensitivity analysis of the TEG was conducted to identify the most influential factors for the 
power generation of the TEG. Three thermoelectric material parameters, two hot gas and two 
coolant parameters were used for the study. It was found that the TE power generation can 
be enhanced by increasing the hot gas temperature, Seebeck coefficient, hot gas mass flow 
rate and coolant mass flow rate. On the other hand, the TE power generation decreases with 
increasing thermal conductivity and resistivity of TE material and coolant temperature. 
The scalable TEG model was developed to make it available for general public to understand 
the characteristics of plate-fin type TEG. It was validated against 3-D CFD results, with the 
aim of using the model in the real time experimental program presented in Chapter 7. 
The work carried out in this chapter reveals the importance of energy recovery in the EGR 
system. The plate-fin type TEG exhibits excellent performance over the open-pipe TEG. 
Importance of the 1-D model and the scalable model are also discussed in the chapter. 
Sensitivity analysis shows the key areas where TE research should be focussed in order to 
make significant improvements to the overall performance of TEG systems. 
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7 
7 Phase 2 Thermo-Electric Generator 
experimental program  
A hardware-in-the-loop (HIL) simulation tool was proposed and developed to analyse the 
real-time (RT) characteristics of the thermo-electric generator (TEG) in a dynamic operating 
environment. Section 7.1 explains the advantages of HIL-RT approach for TEG testing. 
Different software approaches are analysed in Section 7.2, to represent the ‘virtual TEG’ for 
RT testing. The HIL system was initially designed to apply the TEG in the exhaust gas 
recirculation (EGR) path of a medium duty diesel engine (Caterpillar C6.6) and is explained 
in the Section 7.3. Results obtained from the preliminary work to prove the concept of HIL 
modelling in TEG application are discussed in Section 7.4. Significant conclusions of the 
chapter are summarised in Section 7.5.  
I would like to specially thank Dr. Guangyu Dong and Dr. Jing Li for their valuable support 
given during this real-time test program. 
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7.1 An introduction to hard-ware-in-the-loop real-
time (HIL-RT) simulation  
As analysed in previous chapters, the development of the TEG system has to address a wide 
range of design issues including heat exchanger design, TE material selection and the 
integration of the TEG into its working environment. In general, these design problems 
cannot be studied and solutions cannot be made available simultaneously at the 
development stage.  At the same time, it is profoundly difficult to evaluate the effect of each 
and every design parameter using physical experiments. Therefore, a ‘model based design’ 
approach has been identified as one of the most efficient techniques to reduce the 
development time and cost, while minimizing the risk of damaging the experimental 
equipment. As illustrated in Figure 7.1, the model based design process comprises of system 
requirements (simulation), system design (rapid prototyping), software design (on-target 
rapid prototyping), coding (production code generation), software integration (software-in-the-
loop/SIL), hardware/software integration (processor-in-the-loop/PIL) and system integration & 
calibration (hardware-in-the-loop/HIL) [116].  
 
Figure 7.1 Process development of ‘model based design’ approach 
 
It is important to note that, hardware-in-the-loop (HIL) simulation is the last step of a testing 
program, before integrating the ‘physical model’ into the actual system. During the HIL test 
program, operating conditions extracted from a physically running system are fed back in real 
time in to a software model as inputs. Outputs are looped back to the physical system for the 
purposes of control. Development of a HIL system begins with developing a software-in-the-
loop (SIL) simulation model where, different simulation models and algorithms are 
individually simulated on a desktop machine or a parallel cluster, without simulating the entire 
system. SIL simulations do not require expensive hardware and offer a greater flexibility yet, 
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may be computationally expensive even with a 1-D simulation code. For example, as in the 
present case, the complete simulation of 1200s (real time) transient NRTC drive cycle in 1-D 
code, using a single processor requires more than 3 days for the simulations. Moreover, a 
steady state 3-D simulation of the TEG requires more than 3 days even using 12 processors 
in a computer cluster. This significant demand for the computation time of the SIL simulations 
compared to the real time counterpart has been identified as the major drawback of the SIL 
simulation. Hence the present study was directed at HIL simulation where, the software 
models run on real embedded system in real time environment. During the HIL simulations, 
the software model replaces an actual hardware component by a virtual prototype and it 
interacts with the rest of the hardware system by mimicking the functions of the replaced 
hardware component. One of the greatest benefits of HIL-RT testing is, that it provides a way 
to analyse the performance of the ‘virtual model’ with real boundary conditions, which is 
impossible to perform with any of the SIL methods. 
A standard HIL system comprises of different components, i.e. real-time processor, I/O 
(input/output) interfaces, operator interface and real testing unit as illustrated in Figure 7.2. 
The ‘operator interface’ controls the HIL system components i.e. communicates with the real-
time processor to develop/change models and tests; collect, store and report test results; and 
provide a graphical user interface (GUI) for visualization. ‘Real-time (RT) processor’ is the 
centralised control unit to manage the execution of the HIL test system components i.e. 
hardware I/O communication, data logging, stimulus generation and model execution. It may 
also be identified as the heart of the HIL system. On the other hand, RT processor simulates 
the ‘mathematical model’ which needs to be investigated, but is not physically present on the 
test bed.  
I/O interface provides necessary communication channels to interact with the physical test 
system. Major signal conditioning steps are performed here including analogue to digital 
conversion. Moreover, the I/O interface generates stimulus signals to the RT processor, 
acquires data for logging and analysis and, provides sensor/actuator signals to the ECU of 
the engine and to the virtual simulation model. The fault insertion unit in advance HIL system 
is used to check the fault detection capability of the ECU such as sensor/actuator failures, 
short to ground and wire break [117].      
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Figure 7.2 Hardware-in-the-loop system layout 
 
Development of a HIL-RT (hardware-in-the-loop real-time) simulation tool for TEG testing will 
facilitate accurate predictions of the TEG power output, temperature and pressure of the 
flows out of the heat exchanger. Moreover, it will facilitate to simulate the system effects of 
the TEG system without installing the real TEG hardware. The only ‘virtual’ component of the 
proposed HIL system is ‘the TEG model’. It is fed with the real-time operating parameters at 
the upstream of the HP EGR cooler such as, EGR temperature and mass flow rate. Present 
experiments attempt to predict and validate the transient performance of the open-pipe TEG. 
The experimental program will be extended in the future to predict the performance of the 
plate-fin TEG explained in the Chapter 6. 
In some publications this type of testing is denoted as component-in-the-loop (CIL) testing, 
which implies that the CIL and HIL-RT testing are the same.  
7.2 Different approaches to represent the TEG in RT 
An important goal in HIL testing is to demonstrate the dynamic characteristics of the 
simulated system as closely as possible to the real hardware being tested. The accuracy of 
these predictions depends on the accuracy of the mathematical model of the simulation and 
on the modelling of the time delay between the actuator changes in the operational system 
and the simulation responses.  
In addition to the computational complexity of the simulation model, causes for the latency in 
simulation response are, wire propagation delay, A/D and D/A interface delay, time spent on 
control programs for auxiliary devices, task switching delay and delays associated with 
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device drivers [118]. The number of processors used for the entire RT simulation has to be 
minimised as much as possible to reduce the inter-processor communication overhead. 
Excessively long time delays in response introduce inaccuracies into the RT results due to 
the omission of system dynamics behaviour. Therefore, 2-D and 3-D models, those have 
significantly higher computational complexity and longer simulation time, are not feasible for 
RT modelling. On the other hand, accuracy of 1-D and 0-D models are much lower than that 
of 2-D/3-D models but, time response may be sufficiently fast enough for real time 
communication. However, for the result of the HIL simulation to be useful, the mathematical 
model must be sufficiently accurate. Therefore, HIL-RT simulations involve an unavoidable 
trade-off between the accuracy of model predictions and the system response delay [119].  
As discussed above, a 3-D CFD model of the TEG cannot be used for RT-HIL simulations to 
represent the ‘virtual TEG model’, as the convergence time of the CFD models are 
excessive. Therefore, three different 1-D and 0-D modelling techniques based on 
respectively: Neural Network (NN) (0-D), GT-Power (1-D) and 0-D scalable thermodynamic 
model have been identified as prospective candidates to simulate the ‘TEG model’, in real 
time environment.  
The next sections are devoted to a discussion on the development of the TEG model using 
these three different techniques in the RT environment. However, the preliminary tests are 
performed only with the NN model applied to the ‘open pipe TEG’. The remainder of the HIL-
RT experimental works are planned for future test programs. The ‘open pipe TEG’ example 
is ample to explain the principles and initial results provide a basis for an initial validation. 
7.2.1 Represent the TEG using a Neural-Network model 
The neural network is emerging relatively new modelling concept, which provides the ability 
to form a ‘black box’ model based on training sets. The model will behave like the original 
system but will have a power to interpolate between the situations where data was recorded 
for training process. Nonlinear auto-regressive exogenous (NLARX) models proved to be the 
best candidate to predict real time simulation characteristics of the ‘virtual TEG’, in terms of 
accuracy and execution time for HIL-RT modelling [118]. Apart from above-mentioned 
advantages, it was selected for the current work mainly due to its success in representing 
other similar non-linear dynamic systems [120]. Figure 7.3 shows the standard NLARX 
structure. The NLARX model represents the recurrent NN where, the output of the model is 
fed back to the input layer.  The NLARX supplements the operation of the multilayer 
perceptron (MLP) with input and output dynamics which can be configured to suit the 
particular model requirements.      
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Figure 7.3 NLARX Canonical structure  
 
NN models are well known as ‘black-box’ models. The TEG NN model does not solve any 
equation related to governing equations of physics. Instead, it is an arbitrary empirical 
correlation, whose coefficients have to be trained (or tuned) to predict the output results 
using a known input and output data set. The training procedure of the NN model is 
explained in the Figure 7.4. 
As illustrated in the Figure 7.4, a NN consists of an ‘input layer’, ‘one or more hidden layers’ 
and an ‘output layer’. Accuracy of a NN model can be increased by increasing the number of 
hidden layers and number of neurons in each hidden layer. However, these accuracy 
improvements will result in additional computation time. Therefore, the number of hidden 
layers and neurons has to be optimised for a trade-off between the accuracy and the 
computation time [121] depending on the application. For example, obtaining higher 
accuracy of the model can be identified as the most important objective for steady state 
simulation. Therefore, the number of hidden layers can be increased by giving a lower 
priority for the model response. On the other hand, the model response can be identified as 
the most important factor for transient modelling applications. Thus a fraction of accuracy of 
the model has to be sacrificed to achieve the required computational speed.   
Training of the NN models can be performed separately with the aim of two separate models 
for respectively steady state and transient applications. Accuracy of the NN is given priority 
when it is trained for steady state application while, computation time is given priority when it 
is trained for transient application. 
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Figure 7.4 NN structure of a multi-layer perceptrons (MLP) with two hidden layers 
 
In this study, the training was done using the NLARX algorithm in Matlab/Simulink by varying 
the values of weights and biases of the neural connections. Steps followed in the training 
procedure of a NN model are summarized in Figure 7.5. 
 
Figure 7.5 Training procedure of the NN model 
 
As illustrated in Figure 7.5, initially, a series of engine tests were carried out to provide 
boundary conditions for the 3-D TEG model. The input parameters for the NN model training, 
such as power generated by the TEG , pressure and temperature at outlet of both gas and 
coolant were then calculated using the 3-D CFD code, ‘Star-CCM+ 6.02.009’ under those 
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experimentally identified boundary conditions. Finally, the TEG model was trained and 
validated using the calculated input and output training data. During the present work, the NN 
model was trained to predict only the power generation by the open-pipe TEG model, so that 
it can be validated using both theoretical results and experimental results previously 
obtained. 
Figure 7.6 shows the torque/speed characteristics of Caterpillar C6.6 engine for the entire 
operating range. During transient engine operation conditions of NRTC cycle, the maximum 
load was set to 70% of rated so that the cycle could be run in a test facility equipped with an 
eddy current dynamometer. Three speed points (1050rpm, 1550rpm and 2050rpm) were 
chosen with different torque points (points with circles), segmenting the entire engine 
operating range into 9 regions as shown in the figure. Selected points are intended to cover 
the engine whole operation map, below 70% load as broadly as possible. Required boundary 
conditions for the CFD simulations was obtained for three different EGR coolant valve 
positions and three different EGR gas valve positions of each test point (9 speeds and loads) 
and eventually, data were obtained for 81 test cases (9x3x3). Using these boundary 
conditions, 81 CFD simulations were performed to calculate the power generation by the 
open-pipe TEG and those results were used to train the NN model.   
 
Figure 7.6 Torque and speed map of the CAT C6.6 engine 
 
The NN model was trained in Matlab using standard functions, neff and nlarx, available for 
non-linear black-box models. Function neff was used to define the properties of the multilayer 
perceptron and the nlarx was used to define the NLARX NN structure. During the training 
process, the input data provided to the NN is randomly divided in to three sets where 60% of 
the data set was used for training and 20% each was used for validation and testing.  
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• Training data set - this data set is used to adjust the weights of the NN  
• Validation data set  - this data set is used to minimise the over fitting. Weights of 
the NN do not adjust using this data set. Instead, this data set is used to verify that 
any increase in accuracy over the training data set actually yields an increase in 
accuracy over a data set that has not been shown to the network before. If the 
accuracy over the training data set increases, but the accuracy over then validation 
data set stays the same or decreases, then training of the NN has to be stopped 
• Testing data set - this data set is used only for testing the final solution in order 
to confirm the actual predictive power of the NN 
Once the training was completed, the modelling software provides a measure of fit between 
the original output data used for the training and the output data predicted by the NN training. 
If the fit is poor, the NN model has to be repeatedly trained until it provides a satisfactory high 
value. However, number of neurons per layer and number of hidden layers have to be 
carefully chosen to obtain a certain degree of accuracy while maintaining the required 
computational efficiency for real time simulations and while not over-fitting the model. 
A NN model, which has an input layer with three inputs, two hidden layers with 8 and 9 
neurons in each layer respectively and an output layer with only one output (TEG power 
generation) was trained using the TEG power generation data obtained from the open-pipe 
CFD model. Figure 7.7 shows the NLARX NN training results for the 3-D CFD data set. The 
blue curve represents the original 3-D CFD data and, the red curve represents predicted 
results using the neural network. The fit rate of the NN was found to be 66.06%. Given that 
the fit value in excess of 40% is acceptable, the trained NN model is ready for 
implementation in the HIL system.  
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Figure 7.7 Validation of the NN training results with measured/simulation data 
 
Figure 7.8 illustrates the integration of NN model in to the XPC RT environment and Figure 
7.9 illustrates the standard hardware/software structure of the NN based component-in-the-
loop system. NN ‘virtual TEG’ model which is embedded in a Matlab/Simulink code can be 
connected at the position of ‘simulation model’ in the standard HIL-RT layout shown in Figure 
7.9. The RT TEG model was constructed using XPC® technology. XPC TargetTM provides 
the ability to execute Simulink® and Stateflow® models on a target computer for HIL 
simulation. The layout of the actual RT-HIL experimental apparatus with all the sensors, 
actuators, data acquisition system and the engine components will be explained in Section 
7.3. The NN model was trained to predict the power output of a proposed TEG (open-pipe 
TEG in this particular application). Based on the model predictions, the temperature, 
pressure and mass flow in the EGR path are predicted. 
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Figure 7.8 Development of NN model to use in the XPC RT environemnt  
 
 
 
 
Figure 7.9 NN TEG-HIL RT simulation tool 
  
7.2.2 Represent the TEG using a GT-Power model 
An alternative for the NN TEG model is to represent the ‘virtual TEG’ in the RT-HIL 
environment using a 1-D model in GT-Power (or any other feasible software). The GT-Suite 
developer, Gamma Technologies, has provided two options to couple a GT-Power model 
with a RT system.  
• The standard procedure is to wrap the GT-Power model into a Simulink S-function (is 
a dynamically linked subroutines which can be automatically read and execute by 
MATLAB interpreter) and, conduct the testing by coupling the Matlab/Simulink model 
with the real time processor. Communication and data transfer can be achieved via 
any available data acquisition system. In this method, the real time TEG model has to 
be constructed using XPC® technology, similar to the NN real time TEG modelling.  
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• The second method is, to directly connect the GT-Power TEG model with National 
Instruments (NI) VeriStand software, which is dedicated for HIL-RT experiments. In 
this method, the NI-VeriStand system is used to facilitate all the RT simulations.  
Although both of these methods have not been fully tested under the present study, they 
have been identified as TEG future test prospects [122].  
Figure 7.10 illustrates the model development of these two different real-time approaches.  
 
Figure 7.10 Development of a GT-Power model to use in RT environment 
 
As the first step, the TEG has to be modelled in GT-Power. Development of the Method 1 
GT-Power RT model is explained first, referring the Figure 7.10. The first step is to convert 
the standard GT-Power model to a real time model. Secondly, the model needs to be 
modified to define the input & outputs and then, a .dat file is created from the model. The 
created .dat file can be directly used to create the Simulink S-function and, so that it may be 
applied in the XPC® RT environment similar to the NN model explained in Section 7.2.1. The 
Simulink model will pass the input and output data from the GT-Power TEG model and 
predict the RT power generation by the TEG model.  
In the 2nd method, the created GT-Power TEG model (.dat file) needs to be further modified 
in-order to couple with VeriStand real time engine. VeriStand is a software environment 
developed by National Instruments (NI), for configuring the RT testing applications. It helps 
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for example, to configure multicore-ready real-time engines. Moreover, it can import control 
algorithms, simulation models and other tasks from NI LabVIEW software and third party 
environments. Unlike Simulink, VeriStand is able to run models in parallel processors very 
easily; allowing easy transition to component-in-the-loop (CIL) from pure simulation.  
In GT-Power-VeriStand coupling approach, the created .dat file in Method 1 needs to be 
converted to a dynamic-link-library (.dll) using Simulink, to perform the Method 2 testing 
procedure. Then the developed GT-Power TEG model can be run in the VeriStand 
environment without the GT-Suite software, once all the executable .dll from the standard 
GT-Power model have been created. 
Once the executable .dll are created the software/hardware configuration is performed as 
illustrated in the Figure 7.2. The only difference between the two methods would be to use an 
additional software interface, NI Veristand, to avoid the use of complex XPC® technology for 
the RT test bench. During the run time, VeriStand executes the GT-Power TEG .dll and 
communicates with the engine and ECU via the I/O interface. All the real time calculations 
are done by the real time processor supported by the VeriStand software. 
The GT-Power/VeriStand real time simulation tool has many advantages over the NN real 
time simulation tool. To obtain the accurate predictions from neural network model, it has to 
be trained using a number of 3-D CFD results or real test results. 1-D CFD results may not 
be sufficiently accurate. The computation time of the 3-D CFD models increases with the 
complexity of the TEG model. Moreover, TEG model parameters i.e. geometrical parameters 
of the TEG heat exchanger, material properties of the TEMs and heat exchanger, number of 
TEMs in the TEG, number of TE couples in a module; cannot be changed in NN during the 
run time environment. Therefore, parametric study of the TEG is very complex and time 
consuming as, every time new NN model needs to be trained using 3-D CFD simulation 
results. 
However, the parametric study of the TEG using a GT-Power model in VeriStand 
environment does not cost so much time compared to a NN model. It only requires creating a 
.dll file using a validated 1-D GT-Power model. This suggested method will be tested as a 
part of the future experimental program. 
7.2.3 Represent the TEG using a scalable TEG model 
A 0-D scalable TEG model, which requires significantly lower computation time compared 
with 3-D and 1-D TEG models explained above, was developed as described in Section 6.6 
to model the plate-fin TEG. Developing similar-scalable models to characterize the TEG has 
also been identified as a promising candidate method to represent the ‘virtual TEG’ for the 
RT-HIL environment. A scalable TEG model can be coupled to the RT environment similar to 
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the NN model using the XPC® technology. Figure 7.11 illustrates the procedure required to 
develop the scalable model, programmed in Fortran, to be used in XPC® environment.  
 
Figure 7.11 Proposed TEG-HIL RT simulation tool basaed on scalable model 
 
The Scalable TEG model was programmed using Fortran (However, the model can be 
programmed using either C, C++ or Matlab M-file, instead of Fortran). Firstly, the Fortran 
programme has to be converted into a .MEX file in Matlab. Then, the created .MEX file can 
be embedded in to a Simulink S-Function. Finally, the Simulink S-Function has to be 
integrated with the other models in the XPC® environment.  
Many advantages can be identified in this kind of a TEG model over the NN model and the 
GT-Power model. The scalable model does not need to be trained using a number of 3D-
CFD results which is a time consuming process as in the case of a NN model. Moreover, 
there is no need to use expensive software like GT-Power to create a fast running TEG 
model, which requires additional add-on modules like GT-Power real time package to create 
the required .dll to represent the TEG in real time environment. Computational time required 
by the scalable TEG model is much smaller than that of the GT-Power model and, it predicts 
accurate results (less than 12%) once it is validated with the 3-D CFD results for different 
geometries. The model does not need any additional software and, is easily wrapped in a 
Simulink S-function, unlike a GT-Power model. When the model links to real time simulation 
tool, the parameters are able to change easily during the test program, in real time. Due to 
this convenient nature, the scalable TEG model will be used for the next stage TEG real time 
testing. 
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7.3 Preparing the test engine for RT TEG testing 
As explained in the Section 7.1, the RT tool can be used to predict the power output, the 
outlet temperature and pressure of a proposed TEG. Based on the model predictions, the 
temperature, pressure and mass flow of the EGR path can be controlled to simulate the 
system effects of the TEG system without the need to install the real TEG hardware. The 
engine control algorithm is expected to control the coolant valve of both EGR cooler and 
TEG to enhance the cold start emission performance of the engine as explained above.  
The development of real time TEG experimental apparatus is discussed in Section 7.2.1. The 
apparatus uses the NN model to represent the ‘virtual TEG’ of the HIL test system, on a 
medium duty diesel engine. Initially, as mentioned in Section 7.3.1, it was necessary to 
identify the test engine’s operation characteristics for steady state conditions and then, for an 
appropriate transient drive cycle. Layout of the RT test bench is explained afterwards. Then 
the required software and hardware structure for the RT test program is identified. Next, the 
essential sensors and devices required for the data acquisition during the experimental 
program are identified. Finally, the test cases are identified.     
7.3.1 Test engine and its operation 
The HIL-RT testing apparatus was set-up on a 6 cylinder, 6.6 litre engine provided by 
Caterpillar (CAT C6.6litre). Engine specifications are given in Table 6.5. Speed and torque 
distribution for the entire operation of the engine was shown in the Figure 7.6 in the previous 
section. The engine produces peak power of 159kW at rated speed of 2200rpm with peak 
torque of 920Nm at rated speed of 1400rpm. The engine has a high pressure EGR loop 
system and variable geometry turbine (VGT) to achieve the required boost pressure.  
Due to the time limitation, only the transient performance of the TEG was studied during the 
experimental program. Therefore, an understanding of the engine’s real world working 
conditions is crucial for the design and optimization of the proposed TEG. The Non-Road 
Transient Cycle (NRTC) represents the typical operating conditions of this non-road diesel 
engine, which was developed by the US-EPA. Figure 7.12 and Figure 7.13 illustrate the 
speed and load distribution of the C6.6 engine over the NTRC drive cycle. 
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Figure 7.12 Speed distribution of C6.6 engine over the NRTC drive cycle 
 
 
Figure 7.13 Load distribution of C6.6 engine over the NRTC drive cycle 
 
From Figure 7.12 and Figure 7.13, it can be seen that the engine’s operation covers a broad 
load and speed range and hence, TEG operation may vary accordingly. During the HIL-RT 
test program, energy recovery at the EGR path was analysed. EGR mass flow rate and EGR 
temperature were measured and illustrated in Figure 6.3. According to the EGR temperature, 
the hot side temperature for the TE materials would be in the range 400K–850K. The 
availability shown in Figure 6.4 quantifies the amount of energy that can be recovered from 
the EGR flow, which is crucial for evaluating the maximum available energy from the TEG. 
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7.3.2 TEG HIL-RT engine test bench  
Figure 7.14 illustrates the comprehensive CIL experimental layout for the TEG applied in the 
EGR path of the CAT C6.6litre engine. The initial RT test program was performed by 
coupling the neural network virtual TEG model to the high pressure EGR loop of the engine 
at upstream of the EGR cooler, using XPC® technology.  
 
Figure 7.14 Hardware-in-the-loop design for TEG system applying in EGR path 
 
Figure 7.14 illustrates the engine test bed prepared for TEG RT testing. The test bed was 
initially set-up to ‘prove the concept of RT testing for TEG applications’, using the open-pipe 
TEG. The original EGR system of the engine was modified to construct the RT-HIL test 
bench and as a result, the original EGR cooler of the engine was removed. Then, the open-
pipe TEG (described in Chapter 5) was installed in the HP EGR path to measure the power 
generation by the TEG over the NRTC drive cycle. As the open-pipe TEG was not very 
efficient and it was only able to lower the EGR gas temperature by 10-50˚C (depending on 
the exhaust gas temperature and mass flow rate). Therefore, an additional EGR cooler was 
used to control the EGR temperature before feeding to the intake to regulate the exhaust 
emissions within allowable limits.   
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The TEG and the EGR cooler were designed to supply the coolant through a coolant control 
valves. In addition, EGR control valves were used to control the EGR flow rate for different 
engine operating conditions to control the NOx emission. As discussed in the Section 7.3.4, 
the engine was fully instrumented for the data acquisition using LabVIEW during the testing 
and, important data i.e. mass flow rates (air, fuel and EGR), pressures (VGT, EGR cooler, 
TEG, manifolds), temperatures, intake CO2 and exhaust emission were continuously 
monitored and recorded. 
Figure 7.15 illustrates the CAT C6.6 engine test bench. As shown in the figure, the open-pipe 
TEG is installed in the EGR system. The EGR cooler is installed downstream of the TEG. 
Power generated by the TEG was monitored using the DC/DC power converter unit 
(discussed in Section 5.15). 
 
Figure 7.15 Engine test bench (CAT C6.6 engine) 
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Data monitoring and engine control systems are illustrated in the Figure 7.16.  
 
Figure 7.16 Engine control devices  
 
The tasks of different computers (Com 1-6) and monitors (Mon 1-11) used for the testing are 
detailed in the Table 7.1. 
Table 7.1 Test bench control system 
Device Task 
Com 1 XPC RT machine (Mon 5) for VGT and EGR control 
Com 2 Host (Mon 6-7) for XPC RT Com 1. Cylinder pressure monitoring and logging 
Com 3 Engine control unit (Mon 1-4). Communicate with all other machines to control 
the engine operation. Monitoring and logging the gas analyzer data, VGT and 
EGR measurements 
Com 4 XPC RT machine (Mon 10) for TEG  
Com 5 Dynamometer control machine (Mon 8-9) or the Cadet system 
Com 6 Host (Mon 11) for XPC RT Com 4. (Host for TEG XPC machine). Monitoring the 
TEM surface temperature, pre-post TEG pressure and power generated by the 
TEG. 
The intake boost generated by the VGT and the EGR rate (the air path) of the engine are 
controlled by an XPC RT system (Com1-2). The fuel path of the engine is mainly controlled 
by a PXI-1042Q chassis and embedded controller hard ware. The engine control program 
(Com 3) communicates with all the other machines to respond for the dynamometer demand. 
A CP Engineering Cadet V14 engine/dynamometer control system is coupled to a Froude 
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AG400-HS eddy current dynamometer is used to control the engine speed and load demand. 
This system facilitates transient testing including the NRTC for the entire engine speed-load 
range.  
A standard personal computer (Com 4) with a 2.4GHz central processing unit (CPU) was 
used as the target XPC machine for the TEG RT program. A standard laptop computer (Com 
6) was used (2.4GHz) as the host PC for the Com 4. Due to the time constraint, the TEG RT 
system was built only to predict the power generation by the ‘NN TEG’ model. However, the 
modelling work will include the power generation predictions by the ‘NN model’ to the engine 
control unit and to offset the engine torque requirement and thereby to support the prediction 
of a cycle fuel economy improvement. 
7.3.3 Software structure of the HIL-RT model 
Figure 7.17 shows the Simulink model prepared for TEG HIL-RT testing using the ‘NLARX 
NN’ approach. The model is capable of fast response to satisfy both steady state and 
transient tests of the engine. Engine speed, torque, VGT and the EGR mass are defined as 
the input parameters for the model. Then the, input parameters are normalised and fed to the 
NLARX NN model.  
 
Figure 7.17 Simulink software structure of the HIL-RT model 
 
Input parameters for the model are obtained from the ‘LabVIEW’ program and predicted data 
will be recorded during the testing. For the initial analysis, sampling frequency of 5Hz was 
selected for the NLARX NN model. 
Chapter 7: Phase 2 Thermo-Electric Generator experimental program 
 
Loughborough University 203 
 
7.3.4 Data acquisition 
The engine was fully instrumented to measure the air, fuel and cooling systems’ pressures, 
temperatures and mass flow rates. A Horiba Mexa-9100DEGR exhaust gas analyser was 
used to measure the NOx, CO, CO2, HC and O2. In addition, AVL 415 smoke meter and AVL 
439 opacity meter were deployed to gather the soot measurements in the exhaust gas for 
steady state and transient measurement respectively. Moreover, sensors were installed to 
measure the temperatures and pressures of the exhaust manifold, post turbocharger, 
pre/post EGR cooler and EGR control valves. Additional instrumentation provides 
measurement of turbocharger speed. NOx was measured via an on-engine CAN based 
sensor and fast NOx measurements via a Horiba 1100-FRC and AFR via Universal Exhaust 
Gas Oxygen (UEGO) sensors.  
A Coriolis mass flow meter was initially prepared to be installed downstream of the EGR 
cooler to measure the EGR mass flow rate. However, the undesirable engine vibration and 
the pulsations created by the exhaust flow prevented a stable reading even at steady state 
engine operation. Therefore, the EGR mass flow rate was estimated using the EGR 
percentage calculated by the Horiba gas analyser, given by Eq (7.1) and Eq (7.2). 
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An NI PCI-6024E DAQ card was used for collecting the output signals of the model, including 
the voltages and current generated by the TEG. Analogue sampling rate of the DAQ card is 
100Hz for each signal. However, considering the execution rate of the RT TEG model, the 
sampling rate of the model inputs was set to 50Hz which is high enough to capture the 
engine dynamics even under highly transient drive test cycles. Surfaces temperatures of the 
TEM were monitored by ‘K-type’ thermocouples and data were logged via a ‘Pico USB TC-08 
Thermocouple Data Logger’. All measured data during the testing was recorded via NI 
LabVIEW data acquisition system.  
7.3.5 Test program 
At first, the actual open-pipe TEG was installed in the EGR path to obtain the power 
generation by the TEG during the NRTC drive cycle. Then, the RT-HIL testing was 
performed by the NN-TEG model embedded in the XPC-RT environment. The EGR mass 
flow rate of the engine can be changed by an XPC-RT program as mentioned earlier by 
changing the EGR valve position (opening) in real time. The engine map was calibrated for 
the EGR mass flow rate to minimize the exhaust emission by varying the EGR valve position. 
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However, calibrated EGR look-up tables were not used during the testing as the EGR mass 
flow rate goes to zero or EGR valve shuts-down at very high speeds and loads. Therefore, a 
fixed EGR valve position (20% valve opening) was used for the entire NRTC operation 
during the testing to ensure a continuous EGR flow. However, during the initial testing, it was 
found that with the high EGR flows, the opacity of the exhaust flow increases significantly.  
Unlike in the previous experimental apparatus described in Chapter 5, the open-pipe TEG 
was installed much closer to the exhaust manifold (around 20cm downstream from the 
manifold) and upstream of the EGR cooler. Therefore, considering the safety of the TEMs in 
the TEG, the test was performed for 50% load NRTC cycle to assure the TEMs were not 
exposed to excessively high temperatures. Finally, the results obtained from the actual TEG 
and the RT models were recorded and are explained in the next section. 
7.4 Experimental Results 
As explained above, the NRTC cycle was performed for 50% load condition based on the 
safe operation of the TEMs. Figure 7.18 illustrates the temperature profile at the exhaust 
manifold over the NRTC cycle for 1200s time span. Data was recorded at 10Hz sampling 
frequency. 
 
Figure 7.18 Exhaust gas temperature profile at the exhaust manifold during the NRTC drive 
cycle 
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Hot side and cold side temperature profiles of the TEM 1, which is the 1st TEM from the hot 
gas inlet end were measured over the drive cycle and illustrated in Figure 7.19. It was found 
that the hot side temperatures of the other seven TEMs have the similar temperature profiles, 
albeit lower than the hot side temperature of the TEM 1. Figure 7.18 shows that the hot side 
temperature profile of the TEM does not directly follow the inlet temperature of the EGR gas. 
This phenomenon can be explained from the ‘thermal inertia’ of the TEG heat exchanger. 
This was not observed during the steady state testing performed in Chapter 5. Hot surface 
temperature of the TEM does not vary considerably if the thermal inertia of the TEG is very 
high. This implies that, even at highly transient conditions the hot surface temperature of the 
TEM may not vary significantly. 
 
Figure 7.19 Hot and cold surface temperature profiles of the open-pipe TEG’s TEM over the 
NRTC drive cycle (50%) 
 
Figure 7.20 shows the power generation by the open-pipe TEG over the 50% load NRTC 
drive cycle. It can be seen that the power generation by the device is very small. Having 
looked at Figure 7.19 and Figure 7.20, it can be seen that hot side TEM temperature and the 
power generated by the TEG has similar profiles. This phenomenon can be explained as, the 
power generation by the TEG proportional to the hot surface temperature profile of the TEM. 
With similarity to Figure 7.19, power generation by the TEG does not directly depend on the 
inlet temperature of the incoming flow to the TEG heat exchanger.  
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Figure 7.20 Power generated by the open-pipe TEG over the NRTC drive cycle (50%) 
 
Power generation by the TEG depends on the available energy of the EGR flow. During 
testing, the NRTC cycle was performed with 50% load implying a smaller EGR flow than 
would be the case with a 100% load NRTC cycle. In addition, the open pipe TEG was used 
for testing with VW 1.9TDi and Ford-Zetec engines as explained in the Chapter 5. Because 
of the aging, the TEMs may not generate the rated power as predicted by the 3-D CFD 
modelling and 1-D modelling. No allowance could be made on account of there being and 
ageing data. 
Figure 7.21 shows the pressure drop created by both the TEG and the EGR cooler, within 
the EGR path during the testing. The pressure drop was measured using two individual 
pressure transducers. The EGR cooler has a plate-fin type configuration and hence, it can be 
understood that the major contributor the pressure drop would be the EGR cooler. 
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Figure 7.21 Pressure drop across the EGR path (due to the EGR cooler and the TEG) 
 
Finally, the power generation by the TEG NN model was tested over the NRTC drive cycle 
as shown in the Figure 7.22. According to the results, it can be seen that the NN predictions 
from the RT-HIL simulations and the actual power generated by the open-pipe TEG agree 
with each other with ±20%. However, the mean power generation over the drive cycle by NN 
predictions and actual test results were found to be same. 
 
Figure 7.22 Comparison of the power generated by the open-pipe TEG and the NN 
predictions over the NRTC drive cycle (50%) 
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The initial comparisons of test results obtained by the NN RT-TEG model and the actual 
results of TEG experiments shows that the TEG testing can be performed quite successfully 
using RT-HIL simulation techniques (average of 10% accuracy was achieved). Further it 
suggests that the improvements have to be made for the present NN model to predict more 
accurate results during the HIL-RT simulations.  
As shown in the Figure 7.23, the initial objective of the TEG HIL-RT test plan was to calculate 
the power generation by the TEG first and then, the test program can be extended to: either 
(1) override the original set values of fuel of the ECU or (2) offset the torque demand on the 
engine and to finally calculate the overall fuel economy after installing the TEG during the 
drive cycle. However, due to the time constraint, the proposed test program was not 
completed.  
 
Figure 7.23 Comprehensive TEG HIL-RTtesting approach 
 
Moreover, due to the scope of this study program, the power generation by the plate-fin TEG 
explained in the Chapter 6 was also not modelled using the HIL-RT simulations and will be 
included in the future experimental program. 
7.5 Summary 
The development of an HIL-RT modelling tool to predict the power generation of a proposed 
TEG, installed in an ICE has been demonstrated. Hardware-in-the-loop simulation testing 
has been identified as an efficient and advanced experimental technique due to several 
advantages i.e. reducing the cost of testing, faster testing time (duration) and experimental 
safety. Use of HIL-RT simulation for TEG testing will enable the parameterisation and 
optimization of the TEG for a number of different parameters in order to minimise the fuel 
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economy benefits from TEG heat recovery. Performance analysis of new TEG systems, 
integrated with different exhaust after treatment devices will also be able to be investigated 
using this technique. 
Three different methods were identified to represent the TEG in ‘real-time’ environment i.e. 
neural-network black box model, GT-Power 1-D model and 0-D scalable model. Procedures 
for preparing the RT-HIL testing apparatus using all these methods were briefly discussed. It 
was found that each technique has distinct pros and cons when applied to real-time testing.  
All TEG HIL-RT testing accomplished in this chapter was performed using NN TEG model. 
The NN model was trained to reach a fit-rate of 66%, which was identified as more desirable 
for RT-HIL testing. In this RT modelling exercise, the priority was given for the response time 
of the NN model rather than the accuracy. 
A fully instrumented CAT C6.6litre engine was used to perform all the testing reported in this 
chapter. Initially, the power generation performance of the open-pipe TEG was tested for off-
line and then the RT performance of the open-pipe TEG was evaluated. The results showed 
that the real time predictions and the actual results were closely matched and that RT testing 
is a promising technique to predict the performance of a proposed TEG. Both the accuracy of 
the ‘virtual TEG model’ or the present NN model needs to be further improved to enhance 
the RT model predictions.  
The HIL-RT test program will be extended to compare the performance predicted by the GT-
Power model and the scalable model against the NN model in future work.  
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8 
8 Conclusions and future works  
The performance of thermo-electric energy recovery systems in internal combustion engines 
(ICEs) has been critically analysed using both modelling and experimental programs 
described in the preceding chapters. Section 8.1 summarises the notable conclusions of the 
study while, Section 8.2 includes an introduction and discussion concerning the 
improvements, suggestions and recommendations for future work on thermo-electric 
generation (TEG) systems. 
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8.1 Conclusions 
This section begins with a review of the significant conclusions presented in each Chapter of 
the thesis. The thesis objectives highlighted in Chapter 2 are then considered. Against each 
objective a brief evaluation is made of the technical progress and results achieved. 
Chapter 1: Introduction and literature review 
The transport sector contributes about 20% of all human made carbon dioxide emissions, 
and with power plant efficiency less than 40%, there is a compelling case for exhaust gas 
energy recovery.  
Chapter 2: Thermal energy management and waste heat recovery in ICEs 
TE systems enjoy the benefits of solid state construction and their ready adaptation to 
existing engine architectures. TE systems are far less complex than those recovering energy 
using gas expansion or heat transfer to a so called bottoming cycle, but efficiency remains a 
major challenge and research focus. 
Chapter 3: Theoretical study of automobile heat recovery systems 
The availability analysis of the exhaust flow from a range of ICEs showed that there is 
significant potential to produce work. Analysis of heat transfer in the exhaust system shows 
that the availability loss of the exhaust gas can be significantly reduced by implementing 
‘double wall pipe’ architecture. 
It was found that the vapour power cycles are more capable of recovering the exhaust 
energy compared with turbo-compounding and thermo-electric generation systems. 
Chapter 4: Performance analysis of Phase 1 Thermo-Electric Generator 
The back pressure created by the TEG has a fundamental influence on the engine’s 
behaviour through changes to the gas exchange process. This implies that the TEG requires 
a precise trade-off between pressure loss and heat transfer. This conclusion was supported 
by the initial tests conducted with the open pipe TEG to which turbulence enhancement 
devices was added. 
For heavy duty vehicles, the relatively small additional mass of a TEG suggests that heavy 
duty vehicles would be a good application area for TE systems. Passenger car fuel saving is 
sensitive to the additional mass, especially in urban stop/start driving conditions. Light weight 
construction is important to sustain the efficiency gains. It is expected that for diesel engines, 
the exhaust gas temperature will be low enough to allow for an all aluminum heat exchanger 
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which significantly reduces the mass over the steel prototype tested. The TEG must be 
fabricated using a low mass heat exchanger and TE material so as reduce the cost as well 
as the weight of the whole recovery system. 
Chapter 5: Phase 1 Thermo-Electric Generator Experimental program 
Data collected from a prototype open-pipe TEG fitted on test engines were used to validate 
the integrated modelling techniques described in Chapter 4. The developed computational 
fluid dynamics models were clearly validated by the experimental prototype model. The bulk 
thermo-electric materials, i.e. Bi2Te3, are not suitable for high temperature gasoline engine 
applications due to their poor performance at elevated temperatures and their thermal 
instability.  
Chapter 6: Performance analysis of Phase 2 Thermo-Electric Generator 
Availability analysis of the EGR gas of a heavy duty diesel engine was performed and found 
that up to 20kW thermal energy is available for recovery for different engine operating 
conditions. Implementing a TEG to recover the heat in the EGR gas was identified as 
plausible.  
It was found that plate-fin type TEGs is significantly more efficient than the open pipe design. 
The improved heat transfer rates directly supports gains in TE materials properties giving 
proportional improvements in TE power output. It was found that the plate-fin TEG creates a 
significant back pressure which would require an adaptation in the EGR control strategy of 
the engine.  
Initial evaluation based on 1-D engine model shows that plate-fin type TEG (with 8 TEMs) 
recovers up to 170W energy from the EGR gas during the NRTC drive cycle. From a 
sensitivity analysis of TE power generation, the priority of design parameters was 
respectively: hot gas temperature, Seebeck coefficient of TE material, hot gas mass flow rate 
and coolant mass flow rate. Conversely, TE power generation decreases when increasing 
the coolant temperature, resistivity and thermal conductivity of TE material. 
A scalable model was implemented and gave predictions that were validated against a 1-D 
TEG model with 12% accuracy. 
Chapter 7: Phase 2 Thermo-Electric Generator Experimental program 
Hardware-in-the-loop real-time experimental approach has been demonstrated to evaluate 
the TEG performance in the real-time environment. Three different approaches were 
suggested to represent the TEG in real-time environment and, experimental apparatus was 
developed based on the neural-network modelling approach in the XPC-RT environment.  
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Experimental results shows that the 1-D TEG model needs to be modified to predict the 
effect of thermal inertia of the TEG heat exchanger to investigate the TEG performance for 
the transient operation of the engine.  
The preliminary investigations showed that the HIL-RT experimental technique is capable of 
predicting the performance of a novel TEG. The real time algorithm was able to predict 
power generations to within 10% accuracy. 
Overall Conclusions 
The section lists the objectives highlighted in Chapter 2, and the work that has been done 
and the results achieved in fulfilment of the objectives. 
1. Theoretical study of automobile heat recovery systems 
This objective has been achieved in Chapter 3. Theoretical analysis and modelling 
exercise were performed to compare the performance of three main energy recovery 
systems use in ICEs.  
 
2. Design, fabrication and testing of a thermo-electric generator and, investigation 
the performance for significant examples of power-train technology 
This objective was fulfilled in Chapter 5. An open-pipe TEG was fabricated and tested 
on a light duty natural aspirated gasoline engine and a turbocharged diesel engine for 
a number of engine operating conditions and shown that TEG is a promising heat 
recovery system for automobile applications.     
 
3. Examination of the effects of the thermo-electric systems on engine 
performance  
This objective has been achieved in Chapter 4. A GT-Power engine model was 
developed and used to examine the variation of overall engine efficiency due to the 
back pressure created by the engine. It was shown that the back pressure developed 
by the open-pipe type TEGs is negligible.   
 
4. Theoretical investigation of the heat transfer performance of TEG systems 
This objective was met in both Chapter 4 and Chapter 6. Chapter 4 addressed 
different heat transfer augmentation methods to enhance the power generation by 
open-pipe TEG. A number of designs were analysed but only marginal improvements 
could be realised. The design of a new TEG was presented in Chapter 6 using a 
plate-fin heat exchanger which achieved a much higher performance. 
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5. Investigation, both theoretical and experimental, of the possibility of replacing 
EGR coolers in a heavy duty vehicle by a TEG heat recovery device 
This objective has been achieved in Chapter 6. 3-D CFD models and 1-D engine 
models were established to understand the energy recovery possibilities in EGR path 
by integrating the TEG system with the standard EGR coolers. The available energy 
was shown to be significant and, by installing a multi-layer plate-fin TEG with 32 
TEMs, can recover average of 160W per a NRTC drive cycle while saving around 
0.16% of total fuel requirement for the drive cycle. 
 
6. Development of a scalable TEG model to analyse and optimise the performance 
of TEGs and to make the model available as a public-user reference 
This objective has been satisfied in Section 6.6 in Chapter 6. The scalable TEG 
model is a quickly executed model suitable for identifying and understanding TEG 
architectures and device parameters. The scalable TEG model can be made 
available for public-user reference via the TEG group website. Optimization using the 
scalable TEG is discussed in Chapter 7. 
 
7. Develop a component-in-the-loop (CIL) process to evaluate the fuel economy 
benefit of thermo-electric generation systems    
This objective has been fulfilled in Chapter 7. Preliminary modelling works was 
performed to proof the concept of real-time testing for thermo-electric generation.     
It can be concluded that the thesis objectives have been successfully met during the study. 
Some of the experimental work was not performed due to the time constraints of the project. 
However, it was shown that the TEGs are promising energy recovery devices for vehicle 
applications. Follow on project has already started with more time and budget to investigate 
the number of unexplored area of interest in TEG systems. Recommendations for future 
work are presented in the next section.  
8.2 Recommendations for future Works 
Theoretical and experimental analysis has to be extended to investigate the effect the 
location of the TEG when considering energy recovery from the EGR system. Preliminary 
testing was conducted to analyse the viability of the novel HIL-RT modelling concept. 
Therefore, the next step will be to extend the HIL-RT tool to compare the real-time modelling 
predictions for the open-pipe TEG by the three TEG models described in Chapter 7; the 
neural network model, the GT-Power model and the scalable model. Findings will be used to 
examine the engine performance and emission characteristics due to implementation of the 
Chapter 8: Conclusions and future works 
 
Loughborough University 215 
 
TEG in the EGR system. Optimization of the plate-fin TEG can also be performed using the 
RT test program. 
The plate-fin TEG heat exchanger proposed in Chapter 6 will be fabricated to identify the key 
engineering questions concerning the product development of TEG devices. Suitability of the 
TEG for practical application on an engine and involved risks and reliability of the TEG 
systems will also need analysis.  
Module design of the TEG has to be critically analysed as the geometrical configuration of 
the TEG heat exchanger depends on the shape of the TEM, i.e. segmented/single layer 
planar or circular modules. TE couples have to be carefully joined with the electrical 
conductor, using a sophisticated technique to minimise the p-n junction’s electrical 
resistance. Moreover, the elevated temperature when joining the materials should not cause 
the deterioration of the thermo-electric properties of the p and n type materials. Moreover, 
the TEM has to be enclosed by an electrical insulating layer to prevent electrical short 
circuiting when it directly exposed to the coolant as in the plate-fin TEG configuration. As 
explained above, thermal resistance at the junction depends on the joining method at the 
junction. Currently, TEMs are fabricated manually and this can lead to high thermal and 
electrical resistance at the junctions. Therefore, there is a need for new technologies for 
example, additive manufacturing techniques, to minimise the junction resistances and allow 
the fabrication of complex TEM configurations.  
The design of TEG heat exchanger also plays a vital role in TEG power generation as shown 
in the study. Plate-fin type TEG exhibit more promising results for planar TEMs. However, 
shell and tube type TEG heat exchanger will be a better match for circular TEMs. The 
mounting technique of the TEMs differs depending on the configuration of the TEG heat 
exchanger. Considering the plate-fin TEG, clamping of the TEMs with the fin case has to be 
carefully considered so as to be able to with-stand for harsh engine environment and allow 
for maintenance intervention. Thermal stability, ageing and durability of the individual 
component of the TEG system also need careful study.  
Design of the power converter of the TEG is crucial and needs more attention in the future. 
Investigations must include the interface between the DC voltage generated by the TEG and 
the vehicle electrical bus. A method of wiring the TEG has to be identified with the aim of 
reducing the complexity of the TEG. Then, a selection of a DC/DC power converter has to be 
carried out. Applicability of Buck-Boost converter with the MPPT (maximum power point 
tracking) controlling strategy will be a starting point to explore the power conditioning of the 
TEG systems. 
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Another suggestion would be to investigate the possibilities of integrating the TEG with other 
exhaust system devices for example catalytic converters and DPFs. 1-D engine simulation 
software like GT-Power will be able to perform the initial investigation on these novel 
concepts. New control strategies may have to be included in the ECU to control the EGR gas 
flow, catalytic converters’ and DPFs’ temperatures. 
Finally, a prototype TEG has to be fabricated and installed in an actual vehicle to understand 
the performance of the TEG under the real world driving conditions. 
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Appendix A 
HZ-14 Thermo-electric module properties 
The HZ-14 module consists of 49 thermocouples arranged electrically in series and thermally 
in parallel. The thermocouples consists of "Hot Pressed", Bismuth Telluride (Bi2Te3) based, 
semiconductors to give the highest efficiency at most waste heat temperatures as well as 
high strength capable of enduring rugged applications. The bonded metal conductors enable 
the HZ-14 module to operate continuously at temperatures as high as 250°C (480°F) and 
intermittently as high as 400°C (750°F) without degrading the module. 
While the HZ-14 is well suited for waste heat recovery, it's reversible properties make it ideal 
as a thermoelectric cooler, especially for high temperature applications where sensitive 
electronic equipment must be cooled to below the ambient temperatures. 
Table 1: Properties of the 13 W HZ-14 thermo-electric modules 
Physical Properties Value Tolerance 
Width & Length  2.47" (6.27 cm) ±0.01 (0.25) 
Thickness (Special Order) 0.2" (0.508) ±0.01(0.25), ±0.002 (0.05)  
Weight 82 g ±3 grams 
Compressive Yield Stress 10 ksi (70 MPa) minimum 
Number of active couples  49 couples ---- 
Thermal Properties   
Design Hot Side Temperature 230°C (450°F) ±10 (20) 
Design Cold Side Temperature 30°C (85°F) ±5 (10) 
Maximum Continuous Temperature 250°C (480°F) ---- 
Minimum Continuous Temperature none ---- 
Maximum Intermittent Temperature  400°C (750°F) ---- 
Thermal Conductivity* 0.024 W/cm*K +0.001 
Heat Flux*  9.54 W/cm2 ±0.5 
Electrical Properties (as a generator)*   
Power** 13 W minimum 
Load Voltage 1.65 V ±0.1 
Internal Resistance 0.15 Ω ±0.05 
Current  8 A ±1 
Open Circuit Voltage  3.5 V ±0.3 
Efficiency  4.5 % minimum 
 
* At design temperatures  
** At matched load, refer to the graphs for properties at various operating temperatures 
and conditions 
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Appendix B 
Data used to perform the economic analysis of the TEG systems 
Ratings of the alternators of different vehicles 
Table 1: Alternator electrical ratings of vehicle systems 
Vehicle 
1.4 Small 
Petrol 
[95] 
1.6 
Diesel 
[95] 
1.8 
Diese
l [95] 
Light Goods 
Vehicle 
[95] 
Bus 
[96] 
Continuous           
Ignition 20 20 20 20 - 
Fuel Pump 50 70 70 70 - 
Fuel Injectors 50 70 70 70 - 
ECU 175 175 200 175 - 
AC Fan 200 200 400 200 - 
Prolonged           
Stereo 30 30 30 15 - 
Navigation 0 0 15 0 - 
Side marker lamps 20 20 20 20 - 
Instrument Lights 4 4 6 4 - 
License Plate Lamps 20 20 20 20 - 
Parking Lamp 5 5 5 5 - 
Head Lamp low beam 110 110 110 110 - 
Head Lamp High Beam 120 120 120 120 - 
Tail Lamps 10 10 10 10 - 
Radiator Fan 600 400 600 600 - 
Windshield Wipers 150 150 150 150 - 
Intermittent           
Turn Signal Lamps 42 42 42 42 - 
Stop Lamps 63 63 63 42 - 
Roof Lamp 10 10 10 10 - 
Electric power window 150 150 150 0 - 
Electric sliding roof 150 0 0 0 - 
Rear windscreen heating 120 120 120 0 - 
Rear windscreen wiper 30 30 50 0 - 
Horns 30 30 30 30 - 
Fog Lamps 0 0 110 110 - 
Reversing Lamps 21 21 21 42 - 
Windscreen and Headlamp cleaning 0 0 50 0 - 
Electric Seat adjustment 0 0 100 0 - 
Electric mirror adjustment 20 20 20 0 - 
Electric Auxiliary Heating 500 500 800 300 - 
Glow Plugs 0 400 400 400 - 
Starter Motor 1500 1500 3000 - 
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Cigarette Lighter 100 100 100 100 - 
            
Total (W) 4300 4390 6912 5665 - 
Required Output (W) 876 920.5 1375 1048 3800 
 
Fuel consumption for different drive cycles 
Table 2: Drive cycle fuel consumption results 
Vehicle 
1.4 Small 
Petrol 
1.6 Diesel 1.8 Diesel  Bus 
Urban         
Alternator (litre/100km) 7.285 7.272 6.883 37.393 
S.S. TEG (litre/100km) 6.972 6.927 6.643 34.771 
Al TEG (litre/100km) 6.922 6.878 6.568 34.771 
Rural     
Alternator (litre/100km) 5.590 5.734 4.853 37.393 
S.S. TEG (litre/100km) 5.364 5.481 4.649 34.771 
Al TEG (litre/100km) 5.333 5.458 4.610 34.634 
Motorway     
Alternator (litre/100km) 7.457 7.961 5.925 37.393 
S.S. TEG (litre/100km) 7.255 7.733 5.760 34.771 
Al TEG (litre/100km) 7.240 7.715 5.725 34.634 
 
Fuel consumption for different drive cycles 
Table 3: Proportion of vehicle road usage [123] 
Vehicle Urban* Rural* Motorway* Total* 
No of 
Vehicles** 
Average 
Vehicle Road 
Usage*** 
Passenger Vehicles 160.9 168.3 74.9 404.1 26878 15,035 
Light Goods Vehicles 24.8 30.9 12.4 68.1 3262 20,877 
Buses & Coaches 3.4 1.8 0.6 5.8 109 53,211 
Heavy Goods Vehicles 4.5 12.5 12.3 29.3 446 65,695 
*  Billions of vehicle kilometres 
** Thousands of vehicles  
*** km/annum 
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Appendix C 
Formulating the numerical model for the Scalable model 
 
Figure 1 Energy flow across the TEG energy recovery system 
 
1st law of thermodynamics can be applied to exhaust gas, coolant and TEG system 
respectively as given in the Eq (1), Eq (2) and Eq (3); 
       (1)   	  
   (2)      (3) 
Where, -heat transfer and -work 
Heat rejected by the exhaust gas can be rearranged as, 
     ,,  , (4) 
Where,  -mass flow rate, -specific heat and -temperature 
Heat transfer through exhaust gas to the TEG can be written as, 
     (5) 
Where, -convection heat transfer rate and -heat transfer area 
Heat transfer at the TEM hot surface can be written as, 
   ! "  #  12  #&'( (6) 
Where, -Seebeck coefficient of the TE material, "-thermal conductivity of the TE material,  -
current, &-internal resistance, )-leg length of the TE element, *-resistivity of the TE material 
and (-number of thermo-couples of the TEM in the TEG 
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Heat transfer at the TEM cold surface can be written as, 
  # ! "  # ! 12  #&'( (7) 
Where,   +,-.,/#0 , &  123- 
1st law energy balance to the TEG, 
   (8) 
Heat transfer to the coolant through the TEG, 

  ##  
 (9) 
Heat absorbed by the coolant can be rearranged as, 
  	   ,
,  
, (10) 
  ,4,567,4,489#    
  ,:,567,:,489#  
Eq (4), Eq (5) and Eq (6); and Eq (7), Eq (9) and Eq (10) can be rearranged as Eq (11) and 
Eq (12) respectively as follows; 
 ,;,  ,<=>>>>>>?>>>>>>@

   =>>>?>>>@
#
 A B  #2& C ! "  #  12B  #2& C
# &D(=>>>>>>>>>>>>>>>>>>>?>>>>>>>>>>>>>>>>>>>@


 
(11) 
 ,;
,  
,<EFFFFFFGFFFFFFH

 ##  
EFFFGFFFH
 A# B  #2& C ! "  # ! 12B  #2& C
# &D(EFFFFFFFFFFFFFFFFFFFGFFFFFFFFFFFFFFFFFFFH

 
(12) 
 
Newton-Raphson method can be applied to the Eq (11) and Eq (12) as follows; 
I  1  2   ,;,  ,<  J,4,567,4,489#  K   (13) I#  2  3  J,4,567,4,489#  K    J+,-.,/#0 K ! "  # 

# J+,-.,/#0 K# &'( 
(14) 
I
  4  5   ,;
,  
,<  # J#  ,:,567,:,489# K (15) I  5  6  #J#  ,:,567,:,489# K  # J+,-.,/#0 K ! "  # !

# J+,-.,/#0 K# &'( 
(16) 
Total derivatives of the above functions can be obtained as follows; 
PI  J ,  -3# K=>>>>?>>>>@
Q
R, !	 	T
U R (17) 
PI#  -3#V

	R, !  J  +/#,-.,/W#0  "( ! +/,-.,/W0 K=>>>>>>>>>>>>>?>>>>>>>>>>>>>@
X
R ! (18) 
Appendix C 
 
Loughborough University 233 
 
J+/,-W#0  "(  +/,-.,/W0 K=>>>>>>>>?>>>>>>>>@

R# 
PI
 	 #	=?@
Y R# ! J , ! /3# K=>>>>?>>>>@
Z
R
, (19) 
PI  J +/,/W#0  "(  +/,-.,/W0 K=>>>>>>>>>?>>>>>>>>>@

R 
!J#  +/,-.#,/W#0 ! "( ! +/,-.,/W0 K=>>>>>>>>>>>>?>>>>>>>>>>>>@

R#  /3#V
[
	R
, 
(20) 
Assume; 
PI  "  I 
PI#  "#  I# 
PI
  "
  I
	 
PI  "  I 
 
Then, 
R#   J"# 
"\ K  "  "
]^ 'JR  _\ K
`  a  b]^' JR  _\ K
 
R  J"# 
"\ K  `R#
JR  _\ K
 
R,  "  _R\ ' 
R
,  "
  bR#^ ' 
Finally, unknown surface temperature parameters can be calculated as follows; 
,c  , ! R, 
c   ! R 
#c  # ! R# 

,c  
, ! R
, 
 
Calculating the convection coefficient of the exhaust flow 
 
Heat transfer through fins in the hot side of the heat exchanger: 
d  eYY   (21) 
Where, eY  fghij2j2 ,   k #lmn, )  U.n#   
_ -height of the fin, o-fin thickness,	pY-thermal conductive coefficient of fin, Y-total heat 
transfer area 
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Heat convection coefficient of the exhaust flow through the fin case can be calculated as: 
(q  Pp  
Where, P  3r , &`  1stuv  , w Dynamic viscosity of fluid 
(qt  0.023&`z.{|}z. Dittus-Boelter Equation for heating 
 
Pressure drop can be approximated as follows: 
Δ  w2* 4P#
 b. &` 
Where, b  0.0791&`.z.# 
Where,   +,-.,/#0 , &  123-,   ,4,567,4,489#    
  ,:,567,:,489#  and -heat transfer rate, |Z-
TEM power generation,  -mass flow rate, -specific heat capacity, -temperature, -
convection coefficient, -area, -Seebeck coefficient,  -current, "-thermal conductivity, &-
internal resistance, (-number of thermocouples in a TEM 
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Scalable TEG model - Fortran Program 
! -------------------------------------------------------------------------------------------------------------------------- 
! Common variables are define in here 
module comvar 
 implicit none 
 
! Number of TEMs 
integer ntems 
 
! Declaring common arrays use in the program 
double precision, dimension(:), allocatable:: tgasin, tgasout, tcoldin, 
tcoldout,temhotsurf, temcoldsurf, tempgen 
 
end module comvar  
! -------------------------------------------------------------------------------------------------------------------------- 
 
program main 
use comvar, only:ntems,tgasin, tgasout, tcoldin, tcoldout,temhotsurf, temcoldsurf, tempgen 
implicit none 
integer j 
 ntems=3; 
 
allocate (tgasin(ntems), tgasout(ntems), tcoldin(ntems), tcoldout(ntems),temhotsurf(ntems), 
temcoldsurf(ntems), tempgen(ntems)) 
 
! Initial hotgas and coolant in temperatures  
    tgasin(1)=700 
    tcoldin(1)=300 
 
write(*,'(8(1x,a8:))')'ntems','tgasin', 'tgasout', 'tcoldin', 'tcoldout','temhotsurf', 'temcoldsurf', 
'tempgen' 
 
do j=1, ntems 
  call TEGScalableModel(j) 
  write(*,'(5x,i2,7f10.2)')j,tgasin(j), tgasout(j), tcoldin(j), tcoldout(j),temhotsurf(j), temcoldsurf(j), 
tempgen(j) 
end do 
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  end program main 
 
! -------------------------------------------------------------------------------------------------------------------------- 
! This program writes to calculate the TEG performance aiming to scale the size of the TEG 
 
subroutine TEGScalableModel(jj) 
use comvar, only:ntems,tgasin, tgasout, tcoldin, tcoldout,temhotsurf, temcoldsurf, tempgen 
implicit none 
 
! Declaring the parameters of the model (use SI units) 
! FluidParameters: mdotgas, mdotcoolant, temphotin, temphotoutold, temphotoutnew, 
tempcoldin, tempcoldoutold, tempcoldoutnew 
double precision mg, mc, thi, thoo, thon, tci, tcoo, tcon 
 
! TEMaterialProperties: totalSeebeck, pSeebeck, nSeebeck,totalresistivity, pResistivity, 
nResistivity, thermalconductivity, pThermalconductivity, nThermalconductivity, 
TEmodeulepowerconstant, ResistanceofaThermoCouple 
double precision tets, teps, tens, tetr, tepr, tenr, tetc, tepc, tenc, temc, teres 
 
! ModuleDimensions: areaofathermocouple,length, numberofcouples, area, volume, 
lengthofamodule, pressuredrop 
double precision a,l,n,n11, tema, temv, leng, wid, pd 
 
! Temperatures: averagehotfluid, temhotsurfaceold, temhotsurfacenew, averagecoldfluid, 
temcoldsurfaceold, temcoldsurfacenew, temcoldsurface1, temcoldsurface2, temporaryT, 
residualT, constantfortemcoldcalculations 
double precision th, thso, thsn, tc, tcso, tcsn, tcs1, tcs2, ttemp, tres 
 
! FincaseProperties: finheight, finwidth, finthickness, finperimeter, avgfinheight, 
finthermconduct, finperimeter, finefficiency, finconstantm 
double precision fh, fw, ft, fperi, afh, fK, fp, fe, fm 
 
! GasConvectionCoefficient: numberofchannels, convectioncoeff, nusseltno, renoldno, 
thermalcondct, prandtlno, hydraulicdiam, hightofachannel,widthofachannel, airdensity, 
airDviscosity, airvelocity, gasspecificheatcap 
double precision gcn, gh, gNu, gRe, gK, gPr, gDh, gch, gcw, gd, gdv, gvel, gcp 
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! CoolantConvectionCoefficient: convectioncoeff, nusseltno, renoldno, thermalcondct, 
prandtlno, hydraulicdiam, hightofchannel, 
widthofchannel,colddensity,coldDviscosity,coldvelocity, coolantspecificheatcap 
double precision ch, cNu, cRe, cK, cPr, cDh, cch, ccw, cd, cdv, cvel, ccp 
 
! HeatTranasfer: heatdiffhotgas, energyatthecoldsideTEM, powergeneratedbytem 
double precision q1, q2, pgen 
 
! Functions, constantsforDf 
double precision fun1, fun2, fun3, fun4, a1, b1, c1, d1, e1, f1, g1, h1, i1, j1, dthoo, dtcoo, 
dthso, dtcso 
 
! Number of iterations 
integer i, j 
 
! intergers needed to link the main and the subroutine and condition for Newton calculation 
integer jj, condition 
 
! Hydraulic diamter of a gas finned channel 
fh=10.0/1000 
ft=0.6/1000 
gch=(fh-(2*ft)) 
gcw=1.5/1000 
gDh=(4*(gch*gcw)/(2*(gch+gcw))) 
 
! gas velocity, 
mg=0.05 
gd=0.8 
gcn=38 
gvel=((mg/gcn)/(gd*gch*gcw)) 
 
! Calculating the hotgas Reynolds number 
gdv=2.075/100000 
gRe=(gd*gvel*gDh/gdv) 
 
! Calculating the Nusselt number of gas 
gPr=0.708 
gNu=(0.023*(gRe**0.8)*(gPr**0.4)) 
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! Caluclating the gas convection coefficient 
gK=0.0299 
gh=(gNu*gK/gDh) 
 
! Hydraulic diamter of a coolant channel 
cch=5.0/1000 
ccw=70.0/1000 
cDh=(4*(cch*ccw)/(2*(cch+ccw))) 
 
! coolant velocity, 
mc=0.05 
cd=1000 
cvel=(mc/(cd*cch*ccw)) 
 
! Calculating the coolant Reynolds number 
cdv=0.798/1000 
cRe=(cd*cvel*cDh/cdv) 
 
! Calculating the Nusselt number of coolant 
cPr=5.43 
cNu=(0.023*(cRe**0.8)*(cPr**0.4)) 
 
! Caluclating the coolant convection coefficient 
cK=0.58 
ch=(cNu*cK/cDh) 
 
! Calculating the fin efficiency 
fK=16.0 
fm=sqrt(2.0*gh/(fK*ft)) 
afh=((fh-ft)/2.0) 
fe=(tanh(fm*afh))/(fm*afh) 
 
! Calculation of the constant of TEG Power generation function 
teps=(200.0/1000000) 
tens=(-230.0/1000000) 
 
! tets=teps-tens 
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tets=430.0/1000000 
tepr=(1.2/100000) 
tenr=(1.0/100000) 
 
! tetr=tepr+tenr 
tetr=1.6875/100000 
tepc=2.0 
tenc=1.5 
 
! tetc=((tepc+tenc)/2) 
tetc=1.3125 
 
! n=180 
a=0.000004 
l=0.004 
leng=0.07 
wid=0.07 
teres=tetr*l/a 
tema=leng*wid 
 
! tema=tema*fe 
! temv=tema*l 
n=9.0/(13*16)*(tema*1000000) 
temc=(n*tets*tets/(4*tetr*l/a)) 
! write(*,*) n 
 
! Assume the initial temperatures  
thi=tgasin(jj) 
tci=tcoldin(jj) 
thoo=700.0 
tcoo=300.0 
thso=650.0 
tcso=350.0 
gcp=1006.0 
ccp=4200.0 
 
! Do loop for calculation  
condition=0 
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do while(condition.ne.1) 
 
! functions 
    fun1=mg*gcp*(thi-thoo)-gh*tema*((thi+thoo)/2-thso) 
    fun2=gh*tema*((thi+thoo)/2-thso)-(tets**2*thso*(thso-tcso)/(2*teres)+tetc*a*(thso-tcso)-
tets**2*(thso-tcso)**2/(8*teres))*n 
    fun3=mc*ccp*(tcoo-tci)-ch*tema*((-tcoo-tci)/2+tcso) 
    fun4=ch*tema*((-tcoo-tci)/2+tcso)-(tets**2*tcso*(thso-tcso)/(2*teres)+tetc*a*(thso-
tcso)+tets**2*(thso-tcso)**2/(8*teres))*n 
 
    fun1= -fun1 
    fun2= -fun2 
    fun3= -fun3 
    fun4= -fun4 
     
! calculating constants for total derivative functions of the Newton-Rampson method 
    a1=-mg*gcp-gh*tema/2 
    b1=gh*tema 
    c1=gh*tema/2 
    d1=-gh*tema-tets**2*(2*thso-tcso)*n/(2*teres)-tetc*a*n+tets**2*(thso-tcso)*n/(4*teres) 
    e1=tets**2*thso*n/(2*teres)+tetc*a*n-tets**2*(thso-tcso)*n/(4*teres) 
    f1=-ch*tema 
    g1=mc*ccp+ch*tema/2 
    h1=-tets**2*tcso*n/(2*teres)-tetc*a*n-tets**2*(thso-tcso)*n/(4*teres) 
    i1=ch*tema-tets**2*(thso-2*tcso)*n/(2*teres)+tetc*a*n+tets**2*(thso-tcso)*n/(4*teres) 
    j1=-ch*tema/2 
 
! calculating dthoo, dtcoo, dthso, dtcso 
    dtcso=(h1*(fun2-fun1*c1/a1)-(fun4-j1*fun3/g1)*(d1-b1*c1/a1))/(h1*e1-(i1-f1*j1/g1)*(d1-
b1*c1/a1)) 
    dthso=((fun2-fun1*c1/a1)-e1*dtcso)/(d1-b1*c1/a1) 
    dthoo=(fun1-b1*dthso)/a1 
    dtcoo=(fun3-f1*dthoo)/g1 
 
! assigning old initial values to new values 
    thon=thoo+dthoo 
    tcon=tcoo+dtcoo 
    thsn=thso+dthso 
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    tcsn=tcso+dtcso 
! Write(*,'(i2,4f12.3)') i,thon, tcon, thsn, tcsn 
 
! writing the convergence criteria 
    if(max(abs(fun1),abs(fun2),abs(fun3),abs(fun4)).lt.1.e-6)then 
       
! write(*,'(/a50,i12)') 'Number of iterations',i 
! write(*,'(a50,f12.2)') ' Gas in temperature(K)',thi 
! write(*,'(a50,f12.2)') ' Gas out temperature(K)',thon 
! write(*,'(a50,f12.2)') ' TEM hot surface temperature(K)',thsn 
! write(*,'(a50,f12.2)') ' TEM cold surface temperature(K)',tcsn 
! write(*,'(a50,f12.2)') ' Coolant in temperature(K)',tci 
! write(*,'(a50,f12.2)') ' Coolant out temperature(K)',tcon 
       
    q1=(tets**2*thsn*(thsn-tcsn)/(2*teres)+tetc*a*(thsn-tcsn)-tets**2*(thsn-tcsn)**2/(8*teres))*n 
    q2=(tets**2*tcso*(thsn-tcsn)/(2*teres)+tetc*a*(thsn-tcsn)+tets**2*(thsn-tcsn)**2/(8*teres))*n 
    pgen=q1-q2 
     
!   pgen=tets**2*thsn*(thsn-tcsn)/(2*teres)*n 
!   pd=(gdv/(2*gd)*(4*leng)/(gDh**2)*mg/(gch*gcw*gcn)*0.0791*(gRe**0.75))/1000  
!   write (*,'(a50,f12.2)') ' Power generated by a TEM(W)',pgen 
!   write (*,'(a50,f12.2)') ' Pressure drop(kPa)',pd 
!   call exit(0) 
 
    tgasout(jj)=thon 
    tcoldout(jj)=tcon 
    temhotsurf(jj)=thsn 
    temcoldsurf(jj)=tcsn 
    tempgen(jj)=pgen 
 
    if(jj.lt.ntems) then 
    tgasin(jj+1)=tgasout(jj) 
    tcoldin(jj+1)=tcoldout(jj) 
    end if 
     
   condition=1 
 
    endif 
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! re-assining the new temperature values to old temperature values 
    thoo=thon 
    tcoo=tcon 
    thso=thsn 
    tcso=tcsn 
 
end do 
 
! stop  
end subroutine TEGScalableModel 
 
 
 
 
 
